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ABSTRACT 
 Finding solutions to food-water-energy nexus challenges requires a systems approach 
and integration across scales to address issues of food production, environmental 
degradation, and energy use. Biochar, the co-product of thermochemical conversion of 
biomass to bioenergy, is a soil amendment that has the potential to improve soil quality, 
water retention, and crop productivity, while sequestering atmospheric C. Most of the 
positive benefits of biochar applications are based on evidence from short-term studies using 
freshly produced biochars, however, the effect of fresh and aged biochars over longer time 
periods remains inconclusive. This dissertation presents a series of integrated studies across 
the laboratory, greenhouse, field, and modeling scales to advance understanding of the 
impacts of biochar type and biochar aging on soil physical and chemical properties, soil 
water dynamics, and crop productivity. In the first study (Chapter 2), we developed a 
modified proximate analysis method that accounted for biochar diversity and found that 
volatile matter/fixed carbon ratios were a useful measure of biochar C stability. Using soil 
cores collected from a long-term bioenergy cropping system experiment we showed that crop 
rotations increased soil C and N, soil C/N ratio, pH and gravity drained water content, and 
decreased bulk density for soils with biochar relative to no-biochar controls (Chapter 3). A 
greenhouse soil column study (Chapter 4) showed that aged biochars impacted soil water 
relations differently than the equivalent fresh biochars. Biochar applications must be made 
strategically and take into account biochar type, soil type, and biochar age. The final two 
studies utilized the biochar model within the APSIM cropping systems model. In Chapter 5, 
we provided experimental verification of the pedotransfer functions currently used in APSIM 
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for biochar amended soils and determined that current quality modifiers that estimate 
biochars impact on soil water estimates were site-specific. Lastly, model simulations 
revealed that over 32-years, biochar applications could eliminate negative effects associated 
with residue harvesting, as evaluated by reduced NO3 leaching and increased SOC levels, 
while not impacting corn yields (Chapter 6). Overall, biochar applications can contribute to 
enhancing the long-term sustainability of agro-ecosystems, but biochar age and soil type are 
important variables to consider.
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CHAPTER 1. GENERAL INTRODUCTION 
 Water, food, and energy production are inherently interrelated yet until recently issues in 
each of these sectors have been addressed in isolation (Scott and Pasqualetti, 2010). Today there 
is increasing recognition of the food-water-energy nexus, which is being driven by increasing 
population pressure, emergent economies that are increasing demand for food, accelerating 
degradation of soil and water resources, and changes in global climate. One path to address 
nexus issues is the development of long-term sustainable agricultural practices that will support 
increased global food production, provide biomass for bioenergy production, help mitigate 
global climate change, and use freshwater more efficiently. One proposed approach to 
simultaneously address multiple challenges across the food-water-energy nexus is the use of 
biochar, the solid co-product of biomass pyrolysis, as a soil amendment (Laird, 2008).  
 Biochar is pyrogenic, carbon-rich material intended for soil application to improve soil 
fertility and crop productivity while sequestering carbon (Glaser et al., 2002; Lehmann et al., 
2006; Laird, 2008). Soil biochar applications have been shown to have positive impacts on crop 
yields and soil processes including but not limited to: soil water retention, microbial activity, 
greenhouse gas emissions, pollutant remediation, and nutrient leaching (Laird et al., 2010; 
Uchimiya et al., 2010; Kinney et al., 2012; Novak et al., 2012; Cayuela et al., 2014; Laird and 
Rogovska, 2015). Further, biochar is thought to be stable in soil environments for hundreds to 
thousands of years as evidenced by the highly fertile terra preta soils of the Amazonian region, 
which contain anthropogenic biochar with radiocarbon dates up to 6,000 YBP (Lehmann and 
Joseph, 2009). The stability and agronomic impacts of biochar in any given environment, 
however, are variable and highly site-specific, due to a complex interplay of many factors 
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including climate, soil type, and biochar type (Verheijen et al 2010; Ippolito et al., 2012; Laird et 
al., 2017). Therefore, while knowledge of biochar production techniques and applications have 
grown immensely, knowledge gaps still exist in our understanding of biochar technology that 
must be investigated to develop biochar’s full potential for use in agronomic and environmental 
systems. Two such gaps include the aging or weathering of biochars (i.e., time since 
incorporation into soil) and biochar impacts on plant available water (PAW) and water use 
efficiency (WUE).  
 The physical, chemical, and biological properties of biochar are known to change over 
time in soil environments (Downie et al., 2009). Brodowski et al. (2007) suggested that biochars 
are rapidly broken down into silt size or smaller particles through physical processes, whereas 
Kuzyakov et al. (2009) reported that biochars can persist in soils for >1000 years. Mia et al. 
(2017) conducted an extensive review of the available literature that discusses how biochar 
properties change over time. The authors reported that biochar aging occurs through multiple 
processes including oxidation, hydration, leaching, hydrolysis, freeze-thaw, wetting-drying, 
mineralization, and adsorption of dissolved organic compounds onto biochar surfaces. Biochar 
aging is also considered to be a two-stage process: short-term and long-term aging. Short-term 
aging occurs when fresh biochar is exposed to water immediately after production to prevent 
further combustion of the material (IBI, 2014). Long-term aging occurs after biochar application 
and subsequent exposure to soil and environmental processes that alter its properties (Mia et al., 
2017).  
 Given that biochars age, studies that investigate the impacts of fresh biochars on soil and 
crop systems may not be relevant for assessing how biochars ultimately impact agronomic 
performance (Kookana, 2010) and long-term system sustainability. However, despite awareness 
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of biochar aging mechanisms and recognition of the importance of biochar age impacts on soil 
environments (Seredych & Bandosz, 2007, Wang et al., 2012), the majority of studies have 
evaluated the effect of fresh (not aged) biochars on agronomic and environmental systems. Only 
a few studies have investigated how agroecosystem functions are impacted as biochars age 
(Major et al., 2010, Borchard et al., 2014; Rajapaksha et al., 2016).  
 Considerable research has shown that biochar impacts soil water retention and other soil 
hydrologic functions. The results of these studies are variable due to different experimental 
conditions including biochar and soil types, but in general these studies have found that biochar 
decreases bulk density and increases porosity and water retention (Novak et al., 2009; Streubel et 
al., 2011; Artiola et al., 2012; Basso et al., 2013; Abel et al., 2013; Rogovska et al., 2014; Ma et 
al., 2016). Few studies, however, have examined biochar’s influence on PAW and WUE. 
Quantifying biochar impacts on WUE and PAW in addition to water retention is imperative 
because more water retained in the soil profile does not necessarily equate to more water 
available for growing plants (Verheijen et al., 2010). In order to achieve maximum yield 
potentials plants must be able to access the water retained in soils. In a period of increasing 
climatic variability getting “more crop per drop” (FAO, 2003) is ever more important.    
 In light of these gaps, this dissertation seeks to advance understanding of the impacts of 
biochar and biochar aging on soil properties, soil water relations, and maize yield response 
through a series of systematically integrated studies spanning the laboratory, greenhouse, field, 
and modeling scales. The main objective of each study is: study 1- develop a modified proximate 
analysis method to assess quality of diverse biochars for use as soil amendments; study 2- 
examine the influence of biochar age and type, as well as their interactions, on PAW and WUE 
by maize for three texturally contrasting soils; study 3- investigate the impacts of biochar, 
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biochar age, and cropping rotations, and their interactions, on selected soil physical and chemical 
properties; study 4- use long-term experimental field data to calibrate a newly developed biochar 
model within the Agricultural Production Systems sIMulator (APSIM) cropping systems model 
and apply the model to determine the optimum biochar application rate for Midwest maize 
bioenergy cropping systems under different management scenarios; and study 5- evaluate the 
applicability of pedotransfer functions, which use soil organic matter content and texture to 
estimate soil water parameters, for soils with and without biochar amendments and improve the 
soil water equations used in the APSIM biochar model to account for biochar carbon. 
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CHAPTER 2. MODIFIED METHOD FOR PROXIMATE ANALYSIS OF BIOCHARS 
Modified from a manuscript published in the Journal of Analytical and Applied Pyrolysis 
Deborah Aller
1
, Santanu Bakshi
1
, David A. Laird
1 
 
Abstract 
 
 Proximate analysis is widely used to determine moisture, volatile matter (VM), fixed 
carbon (FC) and ash content of biochars. The original ASTM D1762-84 method was developed 
to assess quality of hardwood charcoal for use as fuel. We have developed a modified proximate 
analysis method to assess quality of diverse biochars for use as soil amendments. We determined 
that a N2 purge is necessary during both moisture and VM determination to avoid errors 
associated with sample oxidation. We assessed a range of boundary temperatures (350-950°C) 
for separating VM and FC, and determined that 800°C is the minimum temperature required to 
distinguish between VM and FC in biochars. Furthermore, correlation between VM/FC and 
molar H/Corg ratios suggests that VM/FC ratios are a useful measure of biochar stability. Use of 
the proposed modified method is encouraged to reduce variance in analytical results among 
studies. 
 
Keywords: Proximate analysis, Volatile matter, Fixed carbon, N2 purge, Biochar stability, 
VM/FC ratio 
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Introduction 
 Proximate analysis, American Society for Testing and Materials (ASTM) method number 
D1762-84, was originally developed for analysis of wood charcoal [1]. More recently, however, 
this method has been utilized for assessing quality of biochar, the solid co-product of 
thermochemical conversion of biomass to bioenergy, which is applied to soils to enhance soil 
quality and sequester carbon. Proximate analysis provides basic characterization information 
about biochars including moisture, volatile matter (VM), fixed carbon (FC) and ash content. Ash 
content is related to liming value and inorganic element content of biochar [2], while VM and FC 
have been used to estimate the labile and recalcitrant biochar fractions, respectively [3].  
 Biochars have many unique properties relative to charcoal. Most charcoals are produced 
from hardwood feedstocks by slow pyrolysis and are marketed in either lump or briquette forms 
for use as a fuel. Biochars, on the other hand, are produced from both wood and herbaceous 
feedstocks such as, corn stover, rice husks, sugarcane bagasse, and switchgrass, using various 
thermochemical conversion technologies, including slow pyrolysis, fast pyrolysis and 
gasification. Biochars are intended for use as soil amendments and vary widely in particle size, 
chemical composition and porosity; hence their impacts on agro-ecosystems can be highly 
variable [4]. 
 Several factors influence the physical and chemical properties of biochars. Brewer et al. 
[5] conducted an extensive biochar characterization study and reported that the chemical and 
physical properties of biochar differ depending on both production technique and biomass 
feedstock. Other studies indicate that biochar properties change over time (weathering or aging) 
in soil environments [6, 7] and thus both fresh and aged biochars must be studied [8-10]. Lastly, 
Bradbury and Shafidazeh [11] reported weight gain by biochar during moisture determination 
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using standard oven drying techniques, implying O2 chemisorption on biochar surfaces. The 
diversity of biochar properties relative to charcoal and the evidence for chemisorption of O2 on 
biochar surfaces suggest a need to evaluate the reproducibility and/or utility of results obtained 
using the ASTM proximate analysis method for biochars.  
 The ASTM method stipulates that crucibles and lids be heated to 750°C, cooled, and 
weighed prior to their use for proximate analysis. Samples are initially sieved to 850 µm, then 
moisture content is determined as the percent mass loss on heating air-dry samples to 105°C in 
an air atmosphere, VM as percent mass lost between105°C and 950°C, and percent ash as mass 
remaining after combustion at 750°C for 6 h. During VM determination the ASTM method 
prescribes a process of preheating the furnace to 950°C, preheating the samples in crucibles 
(lids-on) by placing them on the outer edge of the furnace with the door open for two minutes at 
300°C, then moving them a little farther into the furnace with the door open for three minutes at 
500°C, and finally placing the crucibles at the back of the furnace with the door closed for six 
minutes. 
 We consider the ASTM procedure to be problematic because the samples may be 
exposed to O2 during both the moisture and VM determination steps. Furthermore, the ASTM 
VM procedure is not well controlled, as heating is not necessarily the same in all furnaces when 
the door is open, and moving samples around in a hot furnace limits the number of samples that 
can be analyzed at the same time, and is potentially hazardous. 
 Many biochar research groups have chosen to modify the ASTM proximate analysis 
method [5,8,12-18]. None of these researchers, however, have systematically investigated the 
effects of method modifications on the results. Following is a brief discussion of modified 
proximate analysis procedures used by Mitchell et al. [12] and Enders et al. [13], which were 
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chosen to emphasize the variability of procedures used for proximate analysis found in the 
literature.  
 Mitchell et al. [12] utilized thermogravimetric analysis (TGA) for proximate analysis of 
biochars. Moisture content was estimated as percent of sample mass lost between room 
temperature and 100°C, VM as percent mass lost between 150°C-450°C, ash as per-cent mass 
remaining after the 750°C combustion, and %FC as one hundred minus %moisture, %ash, and 
%VM. During the TGA procedure, samples were heated under a N2 atmosphere to 750°C, then 
air was introduced into the system and maintained for four minutes to facilitate combustion. The 
use of a N2 purge for both moisture and VM determination should preclude weight gain due to 
chemisorption of O, but the 450°C boundary temperature for VM determination has not been 
validated with diverse biochars. Other potential problems with the Mitchell et al. [12] method are 
a small samples size, which can decrease analytical precision, and the fact that many laboratories 
do not have access to a TGA instrument.  
 A detailed description of the modified procedure of Enders et al. [13] is provided in their 
supplementary material but in short, crucibles + covers were heated to 750°C and cooled to 
ensure no moisture was present prior to analysis. Moisture content was determined in an argon 
rich atmosphere as mass lost after 18 h at 105°C. Percent VM was determined without argon 
after heating the furnace to 950°C, opening the door to put crucibles in the furnace, leaving 
samples for 10 min, and then removing and letting samples cool. Ash content was determined as 
mass remaining after 6 h at 750°C in air. The authors highlighted that during VM determination 
the furnace cooled off when the door was opened and did not reach 950°C again for eight 
minutes. Although covers were on the crucibles during VM determination to reduce exposure to 
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O2, opening the door introduced a large amount of oxygen into the furnace, increasing the 
potential for partial ashing of the samples.  
 The many variations of the proximate analysis method used by researchers is problematic 
for the biochar research community as the lack of an accepted standard protocol limits 
comparisons of results between studies. Proximate analysis is an important biochar 
characterization method because it is quick, easy, and relatively inexpensive and because it 
provides an estimation of the size of the ash, VM and FC fractions in biochars. Assuming that 
VM and FC are indirect measures of the labile and recalcitrant biochar fractions, the results of 
proximate analysis are useful for predicting the impact of biochar amendments on soil properties 
and the long-term stability of biochar C in soil environments.  
 The goal of this study was to develop a modified proximate analysis procedure for 
biochars that is accurate, reproducible and simple. Specifically, we seek to develop a procedure 
that can be used with diverse biochar samples, reduces sample handling during the procedure 
(relative to the ASTM method), allows many samples to be analyzed at the same time and yields 
results which are relevant for assessing biochar C stability in soils. 
 
Materials and Methods 
 The source and abbreviations for the 22 biochars used in this study are listed in 
supporting materials (Table S1). Details of the production, collection, weathering and 
corresponding chemical and physical properties of the biochars are described elsewhere [7]. In 
brief, 6 un-weathered (Fresh-1), 6 laboratory-weathered (LW),
1
 5 un-weathered but stored 
                                                 
1
 Laboratory-weathered (LW) and field-weathered (FW) are equivalent to Laboratory-aged (LA) and Field-aged 
(FA), respectively as found in Bakshi et al. [7]. 
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(Fresh-2), and 5 field-weathered (FW)
1
 biochars were investigated. These biochars were 
variously produced by fast pyrolysis, slow pyrolysis and gasification techniques from five 
different biomass feedstocks (corn stover, soybean residue, hardwood, switchgrass and 
macadamia nut shell). The controlled chemical aging procedure for the six LW biochars (particle 
size <1 mm) included a one month incubation at 40°C in a 1 M HCl solution with weekly 
additions of 30% H2O2, followed by Ca-saturation, and then another one month incubation at 
40°C in an aqueous solution containing dissolved organic carbon (compost tea). The five field 
weathered biochars were originally applied to experimental field plots in Minnesota and South 
Dakota in 2008 and 2011, respectively, and were collected and separated from soil in 2014. 
Initial bulk soil samples (0-20 cm depth) were air-dried and sieved (44 mm) to remove large 
biochar particles. Secondary sieving to separate smaller biochar particles occurred by wet sieving 
(0.045 mm) and hand picking. All field weathered biochar was subsequently ground using a 
mortar and pestle to a particle size of <1 mm and stored in sealed containers [7]. H and Corg 
content of the various biochars was determined using a combustion analyzer (Vario Microcube, 
Elementar Analysensysteme GmbH) after the samples had been ball milled to reduce particle 
size and treated for 24 h with 0.05 mol L
-1 
HCl to remove carbonates [7]. 
 
Modified Proximate Analysis Method 
 Moisture content of samples was determined based on mass loss after two hours at 105°C 
under N2 purge. Approximately 0.5 g of air-dried biochar was weighed into a ceramic crucible 
(Minitial-BC).The samples were placed inside of a Lindberg muffle furnace (model 51442), which 
was initially purged with N2 gas for ≥25 min at a flow rate of 6 L min
-1
, equivalent to roughly 10 
furnace volumes, to ensure removal of all oxygen. During the subsequent heating phase the 
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furnace was purged with N2 at a flow rate of 3 L min
-1
. After the 2 h heating, the furnace was 
turned off and samples were transferred immediately to a desiccator, left to cool for one hour, 
and then weighed.  
 Volatile matter was determined by heating the oven dry samples under N2 purge to 
various potential VM/FC separation temperatures. To determine the appropriate VM/FC 
separation temperature, samples were heated at 2°C min
-1
 to each of nine different temperatures: 
350°C, 550°C, 650°C, 700°C, 750°C, 800°C, 850°C, 900°C, and 950°C. During heating, the 
crucibles containing the biochar were covered with ceramic lids, placed in a stainless steel box 
inside of a muffle furnace (Thermo Scientific Lindberg/Blue M Box Furnace BF51894C-1). A 
N2 purge line and thermocouple were inserted through the top of the furnace and down into the 
stainless steel box through a small hole in the box cover. The box was purged with N2 gas for 
≥15 min at a flow rate of 6 L min-1 (approximately 10 box volumes). After the initial purge, the 
N2 flow rate was decreased to 3 L min
-1
, the furnace was set to the desired peak separation 
temperature, and turned on. The temperature inside of the stainless steel box was measured every 
60 s during the heating treatments. Once the temperature inside of the stainless steel box reached 
the desired VM/FC separation temperature, the furnace was switched off and furnace door 
opened. The N2 purge inside the stainless steel box was maintained (3 L min
-1
) during cool down 
(2-4 h), after which the crucibles were weighed to determine the mass of FC + Ash (MFC + Ash) 
after subtracting the empty crucible weight.  
 Ash content of biochars was determined by heating the same samples to 730°C in an air 
atmosphere using the same muffle furnace. To ensure complete combustion, crucible lids were 
removed and a low flow of house air (1.5 L min
-1
) was constantly flushed through the furnace. 
The furnace was heated to 730°C and held at that temperature overnight (8-10 h). After ashing, 
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the furnace was switched off and allowed to cool for one hour before the samples were 
transferred to a desiccator to cool. The crucibles were weighed and ash mass (Mash) was 
determined by subtracting the empty crucible weight.  
 All reported proximate analysis data in this manuscript are the arithmetic mean of 
triplicate measurements. 
 
Proximate Analysis Calculations 
 The percent moisture (% Moisture) and percent ash (% Ash) were determined using Eq. 
(1) and (2), respectively. 
 
% 𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = (
(M𝑖𝑛𝑖𝑡𝑖𝑎𝑙− 𝑀𝑂𝐷−𝐵𝐶)
 𝑀𝑂𝐷−𝐵𝐶
) ∗ 100       (1) 
% 𝐴𝑠ℎ =  (
 𝑀𝑎𝑠ℎ
 𝑀𝑂𝐷−𝐵𝐶
) ∗ 100          (2) 
 
where Minitial is the initial sample mass in grams , MOD-BC is the mass in grams of the sample after 
oven drying at 105 °C under an N2 purge, and Mash is the sample mass in grams after combustion 
at 730 °C overnight.  
 The percent volatile matter (%VM) and percent ash free volatile matter (% VMash-free) 
were determined using Eqs. (3) and (4), respectively.  
 
% 𝑉𝑀 =  (
 𝑀𝑂𝐷−𝐵𝐶−𝑀𝐹𝐶+𝐴𝑠ℎ
 𝑀𝑂𝐷−𝐵𝐶
) ∗ 100       (3) 
% 𝑉𝑀𝑎𝑠ℎ−𝑓𝑟𝑒𝑒 =  (
 𝑀𝑂𝐷−𝐵𝐶−𝑀𝐹𝐶+𝐴𝑠ℎ
 𝑀𝑂𝐷−𝐵𝐶−𝑀𝑎𝑠ℎ
) ∗ 100      (4) 
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where MFC+Ash is the mass in grams of fixed carbon and ash in the sample.    
 The percent fixed carbon (%FC) and percent ash free fixed carbon (% FCash-free) were 
determined using Eqs. (5) and (6), respectively, as previously described by Ronsse et al. [19].   
  
%𝐹𝐶 = (
(𝑀𝐹𝐶+𝑎𝑠ℎ−𝑀𝑎𝑠ℎ)
(𝑀𝑂𝐷−𝐵𝐶)
) ∗ 100       (5) 
%𝐹𝐶𝑎𝑠ℎ−𝑓𝑟𝑒𝑒 = (
(𝑀𝐹𝐶+𝑎𝑠ℎ− 𝑀𝑎𝑠ℎ)
(𝑀𝑂𝐷−𝐵𝐶−𝑀𝑎𝑠ℎ)
) ∗ 100      (6) 
 
Statistical Analysis 
 All analyses were carried out in SAS 9.4 (SAS Institute Inc., 2013), with statistical 
significance accepted at the 5% significance level. An initial t-test was conducted to determine 
whether results differed between the ASTM method and the Modified method. A significant 
method by biochar type interaction was found (P < 0.05). Analysis of variance (ANOVA) was 
subsequently conducted to assess differences between methods on each individual biochar type, 
with biochar type referring to the production technique, feedstock, and weathering treatments 
(Fresh-1, LW, Fresh-2, FW) of the 22 different biochars used in this study. 
 
Results and Discussion 
Assessment of Moisture and Ash Contents 
 The moisture content of the 22 diverse biochars varied substantially and was influenced 
by the degree of weathering (Fig. 1). Overall the LW biochars had significantly higher moisture 
content than Fresh-1, Fresh-2, and FW biochars with the exception of FW HS2 and both Fresh-2 
and FW MNS (P < 0.05). This may have resulted from the intensive oxidation and acidification 
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treatments, which transformed the surfaces of the LW biochars from being hydrophobic to 
hydrophilic, by the incomplete drying of the LW biochars prior to storage, and/or the absorption 
of moisture during storage. Furthermore, there was generally more variability in moisture content 
of the LW biochars than the Fresh-1, Fresh-2, and FW biochars. This suggests non-homogeneity 
in moisture content among biochar subsamples taken from the storage containers.  
 Statistical analysis of the moisture content data indicated a significant biochar type by 
method interaction (P < 0.05). The results indicate that the ASTM and Modified methods gave 
different results for moisture content in 9 of the 22 biochars, and that differences in moisture 
content values determined by the two methods are not consistent but rather influenced by biochar 
feedstock, weathering, and production technique (Fig. 1).  
 The Modified method indicated higher moisture levels than the ASTM method for all six 
of the Fresh-1 biochars, with these values significantly higher in five of the six biochars (P < 
0.05). Fresh-1 CF was the only biochar found to be not significantly different for moisture 
content between the two methods (P = 0.064). For both methods moisture content is determined 
by heating the samples to 105°C for 2 h, with the key difference between the methods being use 
of an N2 purged atmosphere in the Modified method and an air atmosphere in the ASTM 
method. Exposure to O2 during heating to 105°C could cause weight loss if thermally labile 
organic compounds are fully oxidized to CO2 and/or H2O. Alternatively, exposure to O2 during 
heating to 105°C could cause weight gain if O2 is chemisorbed on biochar surfaces, due to partial 
rather than complete oxidation of biochar C. The Fresh-1 biochars were produced a few weeks 
prior to analysis and stored in sealed containers, thus they had minimal exposure to atmospheric 
O2, moisture, and other environmental conditions between production and analysis. Our results 
(Fig. 1) suggest that chemisorption of O2 significantly reduced the weight loss (apparent 
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moisture content as determined by the ASTM method relative to the Modified method) for five 
of the six Fresh-1 biochars. Indeed, two of the Fresh-1 biochars had significant “negative” 
moisture content (i.e., weight gain during heating to 105°C in air) as determined by the ASTM 
method (Table S2), which is strong evidence of O2 chemisorption.  
 In contrast with the results for the Fresh-1 biochars, there were no significant differences 
in measured moisture content between the two methods for the 5 Fresh-2 biochars, with the 
exception of Fresh-2 SG (P = 0.0008). We do not know details of storage conditions for the 
Fresh-2 biochars, but we do know that they were stored for >3 years, and based on the results 
(Fig. 1) it appears that these samples were variously exposed to O2 and moisture during storage, 
which may have limited the potential for chemisorption of O2 during heating.  
 The results are variable among the LW and FW biochars; 2 samples showed higher 
moisture content by the ASTM method, 1 showed higher moisture content by the Modified 
method, and 8 showed no significant difference in moisture content between the methods (Fig. 
1). Again we attribute these differences to the exposure to O2 that occurs during drying in the 
ASTM method but not the Modified method. Lower apparent moisture levels by the ASTM 
method than the Modified method again implies chemisorption of O2. Higher apparent moisture 
levels by the ASTM method than the Modified method indicates mass loss as either CO2 or other 
volatile compounds. Both the LW and FW biochars had an opportunity to adsorb biogenic 
dissolved organic compounds (DOC) during aging [7], hence it is possible that differences in 
apparent moisture content determined by the ASTM and Modified methods are related to the 
presence of thermally labile biogenic organic compounds adsorbed on the surfaces of the LW 
and FW biochars. 
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Fig. 1. Percent moisture loss determined after two hours at 105°C for all biochars. An N2 purge 
was used with the Modified method but not with the ASTM method. Error bars represent one 
standard error of the mean. 
 
 The hydrophobicity of biochar surfaces and the degree of biochar weathering influence 
the ability of biochars to absorb water from an atmosphere or solution and the amount of water 
held by biochars when they are air dried. The lack of uniformity across biochars in retaining 
water has the potential to impact proximate analysis results. This highlights the need to 
standardize the reporting of proximate analysis moisture, VM, FC, and ash content data based on 
the oven dry weight of biochars. Additionally, any inaccuracy in determining the oven dry 
weight will impact the accuracy of subsequent determinations of VM, FC, and ash content of 
biochars. Our results for moisture determination (Fig. 1) emphasize the importance of 
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determining moisture content of biochars in an atmosphere absent of O2. The use of a N2 purge 
in the Modified procedure prevented both complete oxidation of organic compounds to CO2 and 
the chemisorption of O2 onto biochar surfaces.  
 Both methods indicated similar estimates of ash content for 16 of the 22 biochars. 
Measured ash content values differed between methods for the Fresh-1 HF, Fresh-1 SF, Fresh-1 
SS, LW HF, LWSF, and FW CG biochars (Fig. 2). There are no obvious connections between 
these six biochars that explain the divergent results. Moreover, two of these biochars were found 
to have higher ash content and four to have lower ash content as determined by the ASTM 
method relative to the Modified method. The protocols for determining ash content are similar 
for both methods, although in the Modified method a small amount of house air is constantly 
introduced into the furnace during ashing to ensure an adequate supply of O2 for complete 
combustion. With the ASTM method we observed that some biochar particles were resistant to 
oxidation, especially when encrusted in ash. Hence, incomplete combustion could explain the 
higher ash content measured by the ASTM method for two of the samples but not the lower ash 
content measured by the ASTM method for the four other samples relative to ash content 
measured by the Modified method. Differences in the extent of thermal degradation of mineral 
phase [15,20], is another possible explanation for the observed differences in biochar ash content 
determined by the two methods. It is tempting to attribute these differences to sampling error 
and/or lack of homogeneity in the stored biochar samples, however, the ash analysis was 
determined in triplicate and standard errors are small relative to the difference between the 
methods for these six samples (Fig. 2). Overall, to ensure that all carbon is oxidized we 
recommend ashing samples at 730°C for an 8-10 h period with a constant low flow of air, to 
supply O2. 
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Evaluation of VM, FC, and the VM/FC Separation Temperature Boundary 
 Standardizing the method for determining VM and FC was a key objective of this study. 
To do so, we evaluated nine different VM/FC separation temperatures all under N2 purge to 
preclude any mass loss or gain due to oxidation. Our results indicate that mass loss on heating 
increased rapidly for all biochars between 350°C-650°C, slowly between 650°C-800°C, and then 
stabilized at and above 800°C (Fig. S1). Furthermore, the lack of change in apparent VM/FC 
ratios relative to VM/FC ratios determined for a 950°C separation temperature supports 800°C as 
the minimum temperature that should be used to determine VM content of biochars, although 
this does not preclude the use of higher temperatures (Fig. S2). 
 The importance of using an inert gas purge during VM determination is evident by 
comparing the %VM results determined by the ASTM protocol and the Modified method using 
the 800°C VM/FC separation temperature (Fig. 3). Overall, %VM differed for 16 of the 22 
biochars between the two methods (P < 0.05). Estimates of %VM obtained with the ASTM 
method were significantly higher for all of the Fresh-1 and LW biochars except for LW HS1 and 
LW SS relative to the Modified method. By contrast, variable results were obtained for the 
Fresh-2 and FW biochars, with %VM being higher when determined by the ASTM method for 
biochars produced by slow pyrolysis and lower for biochars produced by gasification relative to 
VM determined by the Modified method. These differences are influenced to some extend by the 
inaccurate estimates of oven dry weights and moisture content obtained by the ASTM method, 
however, we primarily attribute the opposing trends to exposure to O2 during VM determination 
by the ASTM method. The ASTM method relies on loose fitting lids on the crucibles and the 
release of volatile compounds from the sample to keep O2 away from the sample during heating 
for VM determination. With the ASTM protocol some sample exposure to O2 is inevitable. By 
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contrast the Modified method uses a thorough N2 purge to preclude exposure of the samples to 
O2 during heating and cooling of samples. Our data suggest that a substantial amount of mass 
was lost (presumably as CO2 and H2O) from the fast and slow pyrolysis biochars due to 
oxidation by O2 that leaked into the crucibles under the ASTM protocol. The greater aromaticity 
of gasification biochars likely resulted in only partial oxidation rather than complete oxidation 
and hence chemisorption of O2. This suggests that among the gasification biochars competing 
reactions which have a counter balancing effect are simultaneously taking place. The substantial 
differences between %VM determined by the ASTM and Modified methods (Fig. 3) highlight 
the importance of using an inert gas purge when determining VM of biochars. 
 
Fig. 2. Percent ash content of all biochars determined by the ASTM and modified methods. Error 
bars represent one standard error of the mean. 
23 
 
 
Fig. 3. Percent volatile matter of all biochars determined by the ASTM and modified methods. 
Error bars represent one standard error of the mean. 
 
 Percent FC values determined by the ASTM method differed (P < 0.05) from %FC 
values determined by the Modified method in 16 of 22 biochars (Fig. 4); revealing the exact 
opposite pattern as seen in %VM (Fig. 3). Specifically, %FC was lower when determined by the 
ASTM method for all fast and slow pyrolysis biochars with the exception of LW HS1, which 
was not significantly different. In contrast, the ASTM method indicated higher %FC values for 
the gasification biochars than the Modified method (Fig. 4). We again attribute these large 
differences in %FC between the two methods to exposure to O2 during VM/FC determination 
following the ASTM protocol and differing levels of oxidation of biochar C.  
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Fig. 4. Percent fixed carbon (dry ash free) of all biochars for the ASTM and modified methods. 
Error bars represent one standard error of the mean. 
 
 
Assessment of Proximate Analysis as a Method to Measure Biochar C Stability 
 The ability to accurately estimate biochar C stability is critical to advance biochar 
utilization. Currently, the International Biochar Initiative (IBI) recommends the use of the molar 
H/Corg ratio as an index of biochar C stability [13,21]. The H/Corg ratio is also an index of biochar 
aromaticity as H is only bonded with C atoms on the edges of condensed aromatic C (graphitic) 
sheets. Thus the more disordered the biochar C structure, the more H it will contain and in theory 
the greater the rate of biochar degradation in soil environments. Elemental analysis of H and C 
content of biochars requires access to a thermal combustion instrument, which many laboratories 
do not have. Proximate analysis has the potential to be a less expensive and more widely 
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available method for assessing biochar C stability and overall biochar quality, and hence provide 
useful input parameters into cropping systems models. 
 Previous work has reported a relatively strong correlation between %VM and O:C 
elemental ratios of biochar but no evidence of a correlation between %VM and estimated half-
life of biochar C [22]. For this reason, the IBI did not recommend the use of %VM as an index of 
biochar C stability [21]. Percent VM, however, is strongly influenced by ash content [%VM = 
VM × 100/(VM + FC + Ash)], which is more a function of feedstock quality than pyrolysis 
technology and peak pyrolysis temperature. Furthermore, our results (Fig. 3) demonstrate that 
%VM is highly dependent on proximate analysis methodology and that the ASTM method can 
both over and under estimate %VM. However, previous work did not consider the importance of 
methodology used in evaluating proximate analysis data for assessing biochar C stability. Here 
we compared VM/FC ratios determined by the ASTM and Modified methods with H/Corg ratios 
determined by thermal combustion analysis. VM/FC ratios are independent of ash content and 
hence a more robust index of biochar C stability than %VM. 
 The VM/FC ratios determined by both the ASTM and Modified methods are correlated 
(R
2
= 0.42 and 0.62, respectively) with the H/Corg ratios (Fig. 5a and b). The VM/FC ratios 
determined by the ASTM method are an order of magnitude higher (P < 0.05) for all fast and 
slow pyrolysis biochars compared to VM/FC ratios determined by the Modified method. By 
contrast, the VM/FC ratios for all the gasification biochars were lower when determined by the 
ASTM method than the Modified method. This is attributed to the opposing responses of the 
pyrolysis and gasification biochars to the exposure to limited O2 during VM determination in the 
ASTM method. As discussed previously, our data suggest that during the ASTM procedure the 
fast and slow pyrolysis biochars had greater mass lost as volatiles compared to the Modified 
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method due to complete oxidation (presumably as CO2 and H2O) whereas the gasification 
biochars had lower mass lost as volatiles under the ASTM method than the Modified method as a 
result of partial oxidation (chemisorption of O2). 
 In developing the Modified method, we considered the relationship between VM/FC and 
H/Corg ratios for potential VM/FC separation temperatures ranging from 350 to 950°C (Fig. S3). 
For VM/FC separation temperatures greater than 650°C, the VM/FC and H/Corg ratios of the 
studied biochars are correlated and show similar distributions for the fast pyrolysis, slow 
pyrolysis and gasification biochars. The gasification biochars have relatively low H/Corg and 
VM/FC ratios, which is consistent with greater condensation into polyaromatic C structures. The 
fast pyrolysis biochars have relatively high H/Corg and VM/FC ratios, which is consistent with 
more single ring aromatic structures and/or the condensation of volatile aliphatic compounds into 
the biochars during fast pyrolysis. The slow pyrolysis biochars are clustered in the middle 
between the fast pyrolysis and gasification biochars on the H/Corg and VM/FC plots. These data 
suggest that the H/Corg and VM/FC ratios are related measures of stability but are not identical. 
Differences between the two indices of biochar stability are attributed to the inherent differences 
among biochars which result from the use of various feedstocks and biochar production 
techniques. These findings suggest that VM/FC ratios as determined by the Modified proximate 
analysis method have relevance for assessing the long-term stability of biochar C in soils. 
Specifically, %VM when measured using an inert gas purge, which avoids problems with partial 
or complete oxidation, is by definition a measure of the mass of the thermally labile biochar 
fraction. Further research is needed to determine whether or not the thermally labile fraction is 
comparable to the biologically labile biochar fraction. 
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Fig. 5. Volatile matter/fixed carbon (VM/FC) vs. H/Corg (mol:mol) ratios for all biochars grouped 
by production technique; (a) VM and FC were determined using the ASTM method; (b) VM and 
FC determined by our modified method using 800°C. 
a 
b 
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Conclusions 
 Significant differences were found between the ASTM method and Modified method. 
Results from our Modified method support its appropriateness for use in the proximate analysis 
of biochars and for VM/FC ratios to assess biochar C stability and quality. The Modified method 
accommodates a large sample size, reduces sample handling and potential hazards, is applicable 
for diverse biochars, and avoids errors caused by oxidation, which are inherent to the ASTM 
method. A standard proximate analysis protocol designed specifically with biochar diversity in 
mind will minimize differences in results among studies and facilitate the greater comparison of 
biochar properties between researchers. 
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Appendix - supplementary data 
Table S1. Details of biochars used in this study (adapted from Bakshi et al., 2016). Six un-
weathered (Fresh-1), 6 laboratory-weathered (LW), 5 un-weathered but stored (Fresh-2), and 5 
field-weathered (FW) biochars were investigated. 
 
 
 
 
Table S2. Moisture content values for the Fresh-1 biochars as determined by the ASTM method 
and modified method. Data is the average of three replicates ± one standard error of the mean. 
 
 
Biochar 
name 
Pyrolysis 
technique 
Biomass 
feedstock 
Pyrolysis 
temperature 
(°C) 
Mode of 
weathering 
Source 
HS1 Slow Hardwood 600-650 Fresh-1, LW Royal Oak Charcoal, USA 
HS2 Slow Hardwood 500-550 Fresh-2, FW Cowboy Charcoal, 
Brentwood, TN, USA 
SS Slow Switchgrass 500 Fresh-1, LW Iowa State University, 
Ames, IA, USA 
CS Slow Corn stover 500 Fresh-1, LW Iowa State University, 
Ames, IA, USA 
HF Fast Hardwood 500-550 Fresh-1, LW Dynamotive Energy 
Systems, Richmond, Canada 
SF Fast Soybean 500 Fresh-1, LW BioCentury Research Farm, 
Boone, IA, USA 
CF Fast Corn stover 500 Fresh-1, LW Avello Bioenergy, Boone, 
IA, USA 
MNS Fast Macadamia 
Nut Shell 
500-550 Fresh-2, FW Biochar Brokers, Denver, 
CO, USA 
HG Gasification Hardwood 800-850 Fresh-2, FW Biochar Solutions, Inc, 
Carbondale, CO, USA 
SG Gasification Switchgrass 800-850 Fresh-2, FW Biochar Solutions, Inc, 
Carbondale, CO, USA 
CG Gasification Corn stover 800-850 Fresh-2, FW Biochar Solutions, Inc, 
Carbondale, CO, USA 
 
Biochar name ASTM method Modified method 
Fresh-1 HF 2.947 (±0.083) 4.004 (±0.137) 
Fresh-1 HS1 2.004 (±0.062) 4.238 (±0.108) 
Fresh-1 SF 0.388 (±0.069) 2.581 (±0.502) 
Fresh-1 SS -0.213 (±0.033) 3.042 (±0.337) 
Fresh-1 CF 1.932 (±0.060) 3.183 (±0.397) 
Fresh-1 CS -0.042 (±0.169) 4.062 (±0.131) 
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Fig. S1. Relationship between % weight loss as volatiles and temperature for fresh (Fresh-1 and 
Fresh-2) and weathered (FW and LW) biochars produced by fast pyrolysis, slow pyrolysis, or 
gasification. All biochars were analyzed at nine different temperatures to separate VM from FC. 
Error bars indicate standard error of three replicates. 
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Fig. S1. Continued 
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Fig. S2. Comparison of apparent VM/FC ratios determined using VM and FC separation 
temperatures ranging from 350 °C to 900 °C (y-axis) with VM/FC ratios determined at 950 °C 
(x-axis).   
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Fig. S2. Continued 
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Fig. S3. VM/FC vs. H/Corg (mol:mol) ratio as determined from 350- 950 °C for all biochars 
grouped by production technique. VM and FC are on a dry ash free basis. 
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Fig. S3. Continued 
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Modified from a manuscript published in Soil Science Society of America Journal  
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Abstract 
 Corn residue removed from Midwestern farms is a large potential source of biomass for 
cellulosic bioenergy production in the US long-term harvesting of biomass, however, may lead 
to the degradation of soil quality unless management practices that compensate for the removal 
of biomass are used. In this study, biochar amendments and long-term crop rotations that include 
triticale and switchgrass with corn and soybeans were hypothesized to reduce the negative 
effects of biomass harvesting on soil quality. Chemical breakthrough curves, measured for intact 
soil cores indicate that crop rotations that include switchgrass or triticale increased both 
retardation and dispersivity relative to conventional rotations and biochar amendments decreased 
dispersivity relative to controls. Across all crop rotations, there was an increase in total soil C 
and N, soil C/N ratio, pH and gravity drained water content, and a decrease in bulk density for 
soils treated with biochar relative to no-biochar controls. No significant effect of biochar age on 
soil physical properties was measured in 2014 but significant increases with biochar age were 
found for total soil C and N in 2016, suggesting a synergistic interaction (negative priming). 
Continuous switchgrass stands were found to build soil organic C and N, increase retention of 
plant available P and K, and lower bulk density relative to the continuous corn cropping system. 
                                                 
1
 Department of Agronomy, Iowa State University, Ames IA 50011 
2
 Department of Mechanical Engineering, Iowa State University, Ames IA 50011 
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The results suggested that soil biochar amendments and crop rotations that included switchgrass 
helped mitigate some of the adverse effects of biomass harvesting on soil quality. 
 
Abbreviations: BC, biochar; CDE, convection-dispersion equation; EC, electrical conductivity; 
Ks, saturated hydraulic conductivity; LTRPs, long-term rotation plots; R, retardation; λ, 
dispersivity. 
 
Core Ideas 
• Crop rotations including switchgrass were found to build soil organic C and N 
• Biochar amendments increased soil C and N, pH, and gravity drained water content 
• Total soil C and N increases with biochar age, suggests negative priming 
• Biochar and switchgrass offset negative effects of biomass harvesting on soil quality 
 
 
 
Introduction 
 Energy produced from biomass has been proposed as a means of simultaneously 
improving domestic energy security, reducing greenhouse gas emissions, and revitalizing rural 
economies. Specifically, corn crop residue harvested from Midwestern farms was identified as 
the largest available source of biomass for bioenergy production (Perlack et al., 2005; Perlack 
and Jones, 2011; Langholtz et al., 2016). However, corn crop residues are typically returned to 
the soil as a conservation practice to increase soil organic matter levels, reduce erosion by wind 
and water, enhance biological activity, and maintain overall soil quality (Collins et al., 1992; 
Wilhelm et al., 2004; Blanco-Canqui, 2010). Significant concerns have arisen over the long-term 
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sustainability of biomass harvesting as rates of biomass removal have increased and are likely to 
continue to increase along with the growing bioenergy industry. 
 The effects of residue removal on agricultural productivity and environmental quality are 
site specific and time dependent, with some studies indicating that the removal of aboveground 
biomass negatively affects crop yield and soil and water quality (Mann et al., 2002; Cruse and 
Herndl, 2009; Blanco-Canqui and Lal, 2009). However, evidence from the upper Midwest 
suggests that the removal of aboveground biomass leads to no change or an increase in corn 
yields in the short-term (Kaspar et al., 1990; Karlen et al., 2011; Rogovska et al., 2016), while 
reducing soil and water quality in the long-term. For example, it was found that after 19 yr of 
residue removal on corn and soybean plots in southern Minnesota, the effective cation exchange 
capacity, N mineralization potential, and soil organic carbon levels decreased by 7.3, 28, and 
12%, respectively (Laird and Chang., 2013). 
 Crop residues impact soil nutrient cycling as they contain important plant nutrients such 
as N, P, S, K
+
, Ca
2+
, and Mg
2+
. When residues are not returned to the field, soil fertility is 
reduced and a farmer’s reliance on synthetic fertilizers increases (Lal, 2008). Crop residues also 
contribute to the maintenance of soil organic matter levels, which has a large impact on soil 
biological, chemical, and physical properties by providing energy for microbes, buffering soil 
pH, and increasing soil water retention (Wilhelm et al., 2010). Studies show that when residue 
removal rates increase the labile C fractions and potentially mineralizable C and N pools 
decrease (Halpern et al., 2010), similarly particulate organic matter and total soil C and N levels 
decrease (Hammerbeck et al., 2012). Furthermore, soil physical properties are affected by 
residue removal; for example soil aggregate stability decreases with increasing residue removal 
(Stetson et al., 2012). The degradation of soil structure has implications for soil water retention, 
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bulk density, and aeration (Carter, 2002). To avoid the possible long-term negative impacts of 
biomass harvesting on soil quality new cropping systems are needed that support sustainable 
residue harvesting for bioenergy production while simultaneously protecting soil resources from 
erosion, sequestering soil carbon, and building soil quality. 
 Crop rotations, the practice of growing a sequence of crop species for successive years on 
the same land, are an important agricultural management strategy for enhancing soil fertility and 
productivity (Yates, 1954; Bullock, 1992; Karlen et al., 1994). Previous studies have shown that 
including perennial grasses and/or legumes in crop rotations, improves soil structure (Kay, 1990; 
Robinson et al., 1994), increases soil organic carbon levels (Russell et al., 2005; Blanco-Canqui, 
2013), and reduces soil erosion (Liebman et al., 2013). Rotations have also been shown to 
increase soil microbial activity, which influences nutrient cycling, soil aggregation, and carbon 
sequestration (Giller et al., 1997). A study by Russell et al. (2006) found that the inclusion of 
alfalfa in crop rotations increased N availability and potential N mineralization rates relative to 
continuous corn receiving 180 kg N ha
-1
. Similarly, crop rotations that included a 3-yr forage 
decreased soil bulk density, increased total organic C, and improved soil aggregation (Karlen et 
al., 2006). 
 Historically, both short- and long-term crop rotations were commonplace even on the 
highly fertile soils of the US corn-belt region (Karlen et al., 1994). Today, long-term crop 
rotations on the Midwestern landscape are uncommon. Crop rotations, due to their spatial and 
temporal diversity, contribute to improving soil and environmental quality, as well as a wide 
range of ecosystem services (Asbjornsen et al., 2013; Lal, 2015). A study by Davis et al. (2012) 
found that cropping systems that support more diverse rotations can reduce fertilizer and 
pesticide requirements while maintaining similar yield and economic profitability compared to 
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less diverse systems. Rotations have also been found to increase nutrient and water retention, due 
mostly to increased pore space and root biomass (Karlen et al., 1994). Furthermore, diverse crop 
rotations reduce disease outbreaks and disrupt pest cycles by interrupting carry-over effects 
between crops (Dabbert and Madden, 1986; Edwards, 1989; Tilman et al., 2002). 
 Biochar, the solid co-product of the thermochemical conversion of biomass to bioenergy, 
is another means to improve soil quality, enhance ecosystem sustainability, and improve 
agricultural productivity. The potential positive impacts of biochar on soil quality and as a long 
term carbon sequestration agent were emphasized nearly a decade ago (Laird, 2008). The effects 
of biochar amendments on soil properties are variable, and are influenced by biochar feedstock 
and production conditions, as well as soil type and climate. In general, however, biochars have 
high porosity, high surface area, and both polar and non-polar surface chemistry which 
influences soil water and nutrient retention. In a soil column experiment, biochar led to 
decreased nutrient leaching (Laird et al., 2010a), while in a field study biochar increased 
available soil water content (Rogovska et al., 2014). Biochar has also been reported to have 
indirect effects on soil physical properties by altering aggregation, bulk density, hydraulic 
conductivity, and soil micro- and macro-porosity (Bot and Benites, 2005; Gaskin et al., 2007; 
Thies and Rilling, 2009; Hardie et al., 2014). Due to the chemical properties of biochar, studies 
show increases in soil pH, cation exchange capacity, anion exchange capacity, and total soil C 
and N following biochar applications (Rondon et al., 2006; Lawrinenko and Laird, 2015; 
Mukherjee and Lal, 2016). Biochar also increases soil microbial activity (Steiner et al., 2008; 
Lehmann et al., 2011), however, the mechanisms by which this occurs are still largely unknown 
(Thies et al., 2015). 
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 The degree of biochar weathering or aging alters the influence of biochar on soil 
properties. Increased exposure to physical, chemical, and biological processes in the soil, 
changes biochar properties (Downie et al., 2009). For example, biochars tend to become more 
hydrophilic with time as the number of oxygen- containing functional groups on biochar surfaces 
increases. This change in the surface chemistry of biochar over time can for example, influence 
the sorption of organic compounds (Qian and Chen, 2014). The effect of biochar age on soil 
properties is critical and an area needing further research (Mukherjee and Lal, 2016). Changes in 
the physical and chemical properties of biochar have been investigated in several laboratory 
weathering studies (Hale et al., 2011; Mukherjee and Lal, 2013; Bakshi et al., 2016), however, 
few studies have addressed changes in soil properties as a function of biochar age following the 
addition of biochar to soil in a field study. Major et al. (2010) evaluated the effect of biochar that 
had been in the soil for 3 and 4 yr on soil hydrology and nutrient leaching in a savanna Oxisol. 
Another study investigated the effect of biochar and manure on water vapor sorption in a sandy 
loam soil after biochar was applied at various rates and in two different years (Arthur et al., 
2015). 
 To the best of our knowledge, no prior studies have evaluated biochar impacts on soil 
properties as a temporal series of biochar age or the interaction effects of biochar and cropping 
rotations on selected soil quality indicators. The goal of this study was to investigate the effects 
of biochar, biochar age, and cropping rotations, as well as their interactions, on a series of soil 
physical and chemical properties. We hypothesized that biochar amendments and crop rotations 
that include small grains and perennial grasses will enhance soil quality, and hence, the 
sustainability of bioenergy cropping systems. We also hypothesized that the degree of biochar 
44 
 
 
aging will impact measured soil quality parameters. Lastly, we hypothesized that there will be a 
synergistic interaction between biochar and crop rotations on soil quality. 
 
Material and Methods 
Study Site and Sample Collection 
 The soil samples used in this study were collected from long-term rotation plots (LTRPs), 
which were established in central Iowa in 2006 to investigate the sustainability of diverse 
bioenergy cropping systems. The LTRPs are located on the Sorenson Research Farm, part of the 
Iowa State University Agronomy and Agricultural Engineering Research Farms in Boone 
County, IA. The dominant soil series at the site are Webster (Fine-loamy, mixed, superactive, 
mesic Typic Endoaquoll), Clarion (Fine-loamy, mixed, superactive, mesic Typic Hapludoll), and 
less than 1% of Nicollet (Fine-loamy, mixed, superactive, mesic Aquic Hapludoll). The study 
site is comprised of 112 whole plots. Sixteen of the whole plots are in continuous switchgrass, 
and these are not split into subplots. The other 96 whole plots are split into 192 subplots, with 
biochar applied on one-half of each split plot. Hence, we have 16 continuous switchgrass whole 
plots plus 4 crop rotations x 6 phases of each rotation x 2 biochar subplot treatments x 4 
replications for a total number of 208 plots. Whole plot dimensions are 9.1 m by 9.1 m with 
subplots having dimensions of 4.6 m by 9.1 m. 
 The study included five different crop rotations: continuous corn (Rot. 1), alternating 
corn–soybean (Rot. 2), corn–soybean–triticale/soybean–corn–soybean–triticale/soybean (Rot. 3), 
corn–corn–corn/switchgrass–switchgrass–switchgrass–switchgrass (Rot. 4), and continuous 
switchgrass (Rot. 5). Rotations were in a 6-yr cycle with all phases of each rotation present every 
year in four replicate blocks. Since establishment, residue management at the site has been 100% 
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removal of aboveground biomass from all plots containing corn, switchgrass, and triticale. The 
small grain triticale (Triticosecale ‘Pronghorn’), a high-yielding interspecific hybrid of wheat 
and rye, was selected because it is well adapted to the climatic and environmental conditions of 
Iowa and serves as a biomass crop. Switchgrass (Panicum virgatum ‘Cave-in-Rock’) was 
included because it is a well-established herbaceous biomass crop for bioenergy and its extensive 
root system has been shown to increase soil carbon, reduce soil erosion, and improve overall soil 
health (Heaton et al., 2008). 
 In 2012 after one complete rotation cycle (6 yr), all plots, except Rot. 5, were split into 
subplots. Prior to planting the biochar was incorporated at a rate of 22.4 t ha-1 with a single pass 
of a rotary tiller to a depth of 20 cm. Biochar applications were at the subplot level over a 4-yr 
period to achieve application to all subplots that followed the corn phase of each rotation. In 
spring 2012, the first 36 subplots received biochar, in spring 2013, 36 more subplots received 
biochar, in spring 2014, 20 more subplots received biochar and lastly in spring 2015, 4 more 
subplots had biochar incorporated. Biochar was applied at the same rate and by the same 
technique in each of the 4 yr. The biochar applied was the Royal Oak Enterprises #10 granular 
charcoal. This is a slow pyrolysis (600–650°C) biochar produced from hardwood. Physical and 
chemical properties of the biochar are provided in Table 1. Prior to 2015 all plots and subplots 
were under strict no-till management with the exception of a one-time roto tillage operation to 
incorporate biochar into the subplots that received biochar. To equalize the tillage effect, all 
plots, with the exception of plots that contained switchgrass in Rot. 4 and 5, were tilled with a 
single pass of a rotary tiller to a depth of 20 cm in the spring of 2015 before planting. 
 The first set of soil samples was collected from 96 of the 112 whole plots in spring 2006 
at the time of study establishment to obtain baseline soils information (sampling did not include 
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the switchgrass plots). A second set of soil samples was collected from all 208 plots in spring 
2014. At this time, a total of 72 subplots contained biochar, with 36 of these subplots having 
biochar field aged for 2 yr and 36 subplots had biochar field aged for 1 yr. Undisturbed surface 
soil cores, 0 to 10 cm depth, were collected using a hydraulic probe mounted on the back of a 
tractor, from all 208 plots prior to planting and biochar application. The top 2.4 cm of every core 
was discarded to minimize the effects of tillage. This resulted in all cores with a final height of 
7.6 cm and diameter of 7.6 cm. The intact soil cores were wrapped in plastic, bagged in the field, 
and refrigerated for later analysis. The third set of soil sampling from all 208 plots again took 
place in spring 2016. At the time of the 2016 sampling, a total of 96 subplots contained biochar; 
36 subplots had biochar aged 4 yr, 36 subplots had biochar aged 3 yr, 20 subplots had biochar 
aged 2 yr, and 4 subplots had biochar aged 1 yr. Soil cores were collected from all plots in the 
same way as described for the 2014 sampling. 
 
Table 1. General properties of the hardwood Royal Oak #10 granular biochar applied at the 
study site. All values are averages of three replicates with standard error.  
Property
†
 Value 
pH (1:15 H2O) 7.0 (0.02) 
EC, µS cm
-1
 212 (0.8) 
% C 76.6 (0.43) 
% H 2.7 (0.01) 
% N 0.38 (0.001) 
C:N 232 (2.0) 
H:C org 0.21 (0.001) 
SSA, m
2
 g
-1
 194 (0.7)- EGME method 
87 (2.6)- BET-N2 method 
 CEC, cmolc kg
-1
 3.2 (0.3) 
AEC, cmolc kg
-1
 2.5 (0.12) 
% Volatile matter 17 (0.2) 
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Table 1. Continued  
  
% Fixed carbon 71.5 (3.5) 
% Ash 7.02 (0.09) 
† EC: electrical conductivity, SSA: specific surface area, EGME: Ethylene glycol monoethyl 
ether, BET: Brunauer, Emmett and Teller, CEC: cation exchange capacity, AEC: anion exchange 
capacity.  
 
 
Laboratory Analyses 
 Saturated hydraulic conductivity (Ks), a saturated steady-fluid-flow displacement 
experiment (transport experiment), and gravity drained soil water content measurements were 
performed on the intact cores collected in 2014. In preparation for the analyses, the bottom of 
each intact core was covered with four layers of cheesecloth and an empty cylinder with the 
same dimensions as the soil core was taped to the top end of the intact core. Prepared cores were 
placed into a vacuum chamber and saturated with 0.001M CaCl2 (resident solution) overnight (≥ 
12 hours). Complete saturation was assumed to be achieved once all cores had visible ponding of 
solution on the surface. Saturated soil cores were mounted on a ring stand, and a 5 cm head of 
the 0.001M CaCl2 resident solution was applied and maintained using a Mariotte bottle. Once 
solution flow through a soil core reached steady state, Ks was determined by the constant head 
method (Klute and Dirksen, 1986). Ks (m s
-1
) was estimated with the following form of Darcy’s 
equation: 
𝐾𝑠 = (
𝑄
𝐴𝑡
) (
𝐿
𝐻
) 
 
where Q is the total volume of outflow (m
3
) in a time period, t (s), A is the cross-sectional area of 
the soil core (m
2
), L is the length of the soil core (m), and H is the hydraulic head (m). The 
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hydraulic head is equal to the length of the soil core plus the depth of solution ponded on the soil 
surface. The outflow rate was measured using a graduated cylinder and stopwatch. Reported 
outflow rates are averages of five outflow measurements for each soil core. 
 Following the collection of Ks data, a transport experiment was conducted with the aid of 
a fraction collector. The flow of resident solution through a soil core was stopped after the head 
decreased to the soil surface, at which time a tracer solution (0.005M CaCl2) head was initiated 
and flow of the tracer solution began. While the tracer solution was flowing, effluent was 
simultaneously collected from the bottom of the core. Forty sequential test tube fractions of 
effluent, based on the time interval used for the determination of Ks, were collected for each 
core. Mass (g) and EC (μS cm-1) of the effluent in each test tube was measured (FE30, Five Easy 
Conductivity Meter, Mettler Toledo, Switzerland). The measured chemical breakthrough curves 
for each soil core were modeled using the convection-dispersion equation (CDE) at equilibrium 
within the CXTFIT solver function in Excel (Parker and van Genuchten, 1984; Tang et al., 
2010). The CDE function describes solute transport as:  
𝑅
𝜕𝐶
𝜕𝑡
= 𝐷
𝜕2𝐶
𝜕𝑧2
− 𝑣
𝜕𝐶
𝜕𝑧
  
 
where R is the dimensionless retardation factor, C is the solution concentration (M L
-1
), t is time 
(s), z is the distance from the inlet (cm), D is the dispersion coefficient which is assumed to equal 
λ*v, where λ is dispersivity (cm), and v is the average pore-water velocity (cm s-1). Average 
pore-water velocity is determined by the two measured parameters of flux and volumetric water 
content (Skaggs et al., 2002). For model fitting, user inputs were supplied for initial and 
boundary conditions, fixed parameters of velocity and column length as well as the concentration 
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per pore volume data. Least squares fits of the model to the data provided values of R and λ for 
each soil core. The CXTFIT program also provided statistical parameters including residuals, 
standard deviations, sums of squares, R
2
, and upper and low confidence limits based on the 
student t distribution. 
 At the completion of the tracer experiment soil cores were allowed to freely drain to 
equilibrate before being weighed. The oven-dry weight of soil in the cores was determined by 
weighing after the soil had been oven-dried at 105°C overnight. Gravity drained water content (g 
g
-1
) and bulk density (g cm
-3
) were determined by dividing the weight of water retained by the 
oven-dry weight and the oven-dry weight by the core volume for each core, respectively. 
Gravimetric water content was converted to volumetric water content (cm
3
 cm
-3
) using the 
density of water and the measured bulk density for each core. The data presented for volumetric 
water content is only for the soil cores collected in 2014, while the bulk density data is presented 
for soil cores collected in both 2014 and 2016 (Table 2). 
 The 208 soil samples collected in spring 2016 were analyzed for various chemical 
properties: pH, EC, total C, total N, and Mehlich III extractable phosphorous (P) and potassium 
(K). Soil samples were passed through a 2.0 mm sieve and air-dried. Soil pH and EC (1:10 soil-
distilled water) were measured using a pH/conductivity meter (M 545P, Pinnacle Series, Nova 
Analytics Corp., CA). Total C and total N were determined using a C/N combustion analyzer 
(Vario Microcube, Elementar Analysensysteme GmbH, Germany). Plant available soil P and K 
concentrations were determined using the Mehlich III extraction method and analyzed by 
inductively coupled plasma-atomic emission spectroscopy (Mehlich, 1984). Bulk density 
(g cm
-3
) was determined after oven drying at 105°C the sieved samples and dividing the oven-
dry sample weight by the known volume of the soil cores. 
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Table 2. Physical and chemical properties measured in 2014. Values are the average of four 
replicates with standard error and are grouped by crop rotation and biochar. Only no biochar 
plots were used in comparing crop rotations. Biochar effect (yes, no) does not include Rot. 5 
data. Different letters indicate significance between factors within a group (P < 0.05).  
 
Property
†
 Crop rotation Biochar treatment
‡
 
 Rot 1 Rot 2 Rot 3 Rot 4 Rot 5 Yes No 
Log Ks, cm d
-1 0.221b 
(0.156) 
0.770ab 
(0.266) 
1.096a 
(0.196) 
1.229a 
(0.221) 
0.881ab 
(0.315) 
0.894a 
(0.123) 
0.829a 
(0.110) 
R 
0.963b 
(0.045) 
1.137ab 
(0.178) 
1.135ab 
(0.080) 
1.546a 
(0.206) 
1.214ab 
(0.267) 
1.034a 
(0.038) 
1.194a 
(0.071) 
λ, cm 
6.118b 
(0.800) 
13.617ab 
(6.509) 
11.278ab 
(2.966) 
25.134a 
(6.131) 
6.602b 
(1.026) 
7.609a 
(1.963) 
13.804a 
(2.283) 
VWC, cm
3
 cm
-3
 
0.412a 
(0.004) 
0.416a 
(0.007) 
0.413a 
(0.005) 
0.402a 
(0.006) 
0.417a 
(0.009) 
0.445a 
(0.004) 
0.410b 
(0.003) 
BD, g cm
-3
 
 
1.511a 
(0.011) 
1.479ab 
(0.020) 
1.482ab 
(0.015) 
1.512a 
(0.010) 
1.430b 
(0.027) 
---- 
 
---- 
 
        
† Ks, saturated hydraulic conductivity; R, retardation; λ, dispersivity; VWC, volumetric water 
content; BD, bulk density; Rot 1, continuous corn; Rot 2, alternating corn-soybean; Rot 3, corn-
soybean-triticale/soybean-corn-soybean-triticale/soybean; Rot 4, corn-corn-corn/switchgrass-
switchgrass-switchgrass-switchgrass; Rot 5, continuous switchgrass. 
‡
Combined effects of biochar and tillage, which are confounded in the 2014 data set.  
 
Statistical Analyses 
 The LTRPs experimental design is a randomized complete block design with a split-plot 
(i.e., subplots) arrangement of treatments in four replicate blocks. Main plots consisted of five 
cropping rotations and were divided into subplots to distinguish the biochar and no biochar 
treatments except for the continuous switchgrass rotation (Rot.5) which never received biochar. 
Biochar age (0, 1, 2, 3, and 4 yr) was considered at the subplot level. The data were analyzed 
using the MIXED procedure (SAS Institute, 2013) to determine the effects of cropping rotation, 
biochar presence and/or absence, biochar age, and their interactions on measured soil physical 
and chemical properties. The MIXED model was used to accommodate unbalanced or missing 
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data in the analysis and to account for all random and fixed effects. Year and block were 
considered as random effects, while fixed effects included biochar, biochar age, and rotation. 
The effect of biochar and the interaction effect of biochar*rotation were evaluated excluding Rot. 
5, as biochar was never incorporated in that rotation. Differences between crop rotations were 
determined using only no biochar data to allow a valid comparison with Rot. 5. Treatments 
means were compared using a t test. Statistical significance was assessed at the 5% α level and 
all reported data are means of four true field replicates. 
 
Results and Discussion 
 Saturated hydraulic conductivity varied widely across samples analyzed. The slowest Ks 
value was 0.03 cm d
-1
, the fastest was 7582 cm d
-1
, and the average across all soil cores was 192 
cm d
-1
. Because of this wide range and non-normal distribution of Ks values, the Ks data were 
log-transformed. After log-transformation, three outliers, as evidenced by values greater than one 
standard deviation from the mean, were removed from the dataset. Statistical analysis was done 
using the normally distributed log-transformed Ks dataset (Table 2). 
 Saturated hydraulic conductivity was found to be significantly lower in Rot. 1 compared 
to rotations 3 and 4. No other significant differences were found among crop rotations and 
biochar treatments (Table 2) or biochar age (data not shown). Our finding that biochar did not 
affect Ks was consistent with several previous studies (Laird et al., 2010b; Jeffery et al., 2015) 
and inconsistent with others (Uzoma et al 2011; Lim et al., 2016). A possible reason for the 
lower Ks under continuous corn (Rot. 1) compared to rotations that included triticale (Rot. 3) and 
switchgrass (Rot. 4) was greater soil compaction and less pore continuity in the soils under 
continuous corn, however, this did not explain why Rot. 5 (continuous switchgrass) did not differ 
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from Rot. 1. The large amount of root biomass found under perennial grass stands, and hence, 
the potential blocking of soil pores, however, could explain the lower Ks observed in Rot. 5. 
Changes in saturated hydraulic conductivity due to the presence of plant roots have been reported 
previously (Morgan et al., 1995; Ola et al., 2015). Overall, the presence of outliers and much of 
the variability in Ks was attributed to preferential flow resulting from earthworm holes and other 
continuous macropores, which allowed water to freely drain through the cores. Increased 
earthworm density and higher infiltration rates have been observed in more diverse crop 
rotations compared to continuous corn and corn-soybean rotations (Katsvairo et al., 2002). This 
provided another possible explanation for the higher Ks values observed for Rot. 3 and 4, which 
included triticale and switchgrass, respectively.   
 Following the determination of Ks, a transport experiment using a CaCl2 tracer was 
conducted to determine chemical breakthrough curves and the solute transport property known as 
dispersivity, λ. Dispersivity is related to soil structure, which may change over time as biochar 
weathers in soil under field conditions. Our results indicate no overall effect of crop rotation or 
biochar on chemical transport through the soil columns (Fig. 1) but a significant biochar rotation 
interaction, as R and λ decreased due to biochar in Rot. 4 (P = 0.02) and (P = 0.0068), 
respectively (Table 2). Further, biochar and biochar age had no effect on R and λ, and a 
significant year effect was found for the impacts of λ (data not shown). 
 Particle density was assumed to be 2.65 g cm
-3 
for all soil cores. This value was used to 
calculate porosity and hence relative pore volume in the solute transport experiment. However, 
biochars usually have a lower particle density than other soil solids, typically 1.5 to 1.7 g cm
-3
, 
but it can be as high as 2.25 g cm
-3
 (solid graphite) (Brewer, 2012). Thus, the addition of biochar 
lowers the average particle density of a soil and consequently may result in an overestimation of 
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porosity for the soil cores containing biochar. In effect, the solute concentration, for a given pore 
volume, moving through the soil cores that contain biochar may be underestimated. However, 
this had a minimal impact on overall results of the solute transport experiment because of the low 
rate of biochar application in the field (22.4 t ha
-1
). 
 Soil moisture retention is an important indicator of soil quality and is often key to 
improving crop productivity. Here we measured gravity-drained water content after soil cores 
had freely drained for 24 h. No biochar rotation interaction effect or individual effect of rotation 
(Table 2) and biochar age (data not shown) was found on gravity drained volumetric water 
content (cm
3 
cm
-3
). However, the biochar treatments significantly (P < 0.0001) increased gravity 
drained volumetric water content values (Fig. 2). This was expected since biochar has a direct 
influence on soil water storage as a result of its high internal porosity, high surface area, and 
relatively polar surface chemistry. This result is in agreement with some previous studies (Glaser 
et al., 2002; Novak et al., 2009; Streubel et al., 2011; Artiola et al., 2012; Basso et. al., 2013) but 
not all (Major et al., 2012; Jeffery et al., 2015). The ability of biochar additions to increase soil 
water retention has the potential under certain conditions to positively impact crop yields 
(Verheijen et al., 2010). This is especially true when the capacity of the soil to retain water limits 
crop productivity (Bruun et al., 2014). 
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Fig. 1. Calcium chloride breakthrough curves for 2014 saturated steady flow solute transport 
experiment, cropping rotation (A) and by biochar (bc) to no-biochar treatment (B). Curves 
represent averages of the model fitted data. 
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Fig. 2. Gravity drained soil volumetric water content (cm
3
 cm
-3
) by rotation, measured in 2014 
on biochar and no-biochar treatments. Values are the average of four field replicates with 
standard error bars. Different letters indicate significant differences between biochar and no-
biochar treatments within a rotation (P < 0.05). 
 
 Bulk density is an easily measurable and important indicator of soil structure. We 
observed (2016 cores) a significant decrease in soil bulk density in Rot. 5 compared to Rot. 4 (P 
< 0.05). It was expected that Rot. 5 would have the lowest bulk density because of the greater 
root biomass found near the soil surface under continuous switchgrass stands. Previous studies 
have shown lower soil bulk density in systems containing switchgrass or other perennial grasses 
(Murphy et al., 2004; Schmer et al., 2011). Overall, biochar presence decreased bulk density 
compared to the control plots (Table 3). Bulk density results for the 2014 samples were 
confounded by a tillage effect (hence not presented), however, the bulk density results for the 
2016 samples are an unbiased measure of the biochar effect on bulk density, because all plots 
except those in switchgrass were tilled in the spring of 2015. Thus, the 2016 data provide 
evidence that biochar amendments decrease soil bulk density under field conditions. Further, 
when the rotations were evaluated independently, biochar significantly lowered bulk density 
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within Rot. 1 (P = 0.025), Rot. 3 (P = 0.015), and Rot. 4 (P < 0.0001). Lastly, although biochar 
age was not found to have a significant effect on soil bulk density in this study (Table 4), further 
research is needed from longer-term field experiments to determine whether or not there is a 
biochar age effect on soil bulk density.  
Table 3. Physical and chemical properties measured in 2016. Values are the average of four 
replicates with standard error and are grouped by crop rotation and biochar. Only no biochar 
plots were used in comparing crop rotations. Biochar treatment effect (yes, no) does not include 
Rot. 5 data. Different letters indicate significance between factors within a group (P < 0.05).  
 
Property
†
 Crop rotation Biochar treatment 
 Rot 1 Rot 2 Rot 3 Rot 4 Rot 5 Yes No 
BD, g cm
-3
 
 
1.386ab 
(0.011) 
1.373ab 
(0.020) 
1.391ab 
(0.016) 
1.410a 
(0.013) 
1.325b 
(0.026) 
1.340b 
(0.009) 
1.390a 
(0.008) 
Total C, % 
2.016b 
(0.078) 
2.124ab 
(0.125) 
2.073b 
(0.085) 
2.057b 
(0.053) 
2.531a 
(0.190) 
2.839a 
(0.061) 
2.068b 
(0.045) 
Total N, % 
0.195b 
(0.005) 
0.205ab 
(0.010) 
0.202b 
(0.007) 
0.204b 
(0.004) 
0.241a 
(0.016) 
0.215a 
(0.003) 
0.202b 
(0.004) 
C:N ratio,  
% %
-1
 
10.280a 
(0.180) 
10.282a 
(0.142) 
10.193a 
(0.122) 
10.064a 
(0.085) 
10.404a 
(0.132) 
13.179a 
(0.164) 
10.205b 
(0.069) 
pH 
6.22b 
(0.059) 
6.39a 
(0.054) 
6.25ab 
(0.061) 
6.04c 
(0.067) 
6.04c 
(0.060) 
6.40a 
(0.027) 
6.22b 
(0.033) 
EC, μS cm-1 
28.779b 
(1.353) 
39.182a 
(3.273) 
35.423a 
(2.339) 
35.803a 
(1.736) 
38.068a 
(3.184) 
33.334a 
(1.111) 
34.797a 
(1.209) 
Extractable P,  
mg kg
-1 
32.592c 
(3.371) 
40.283c 
(4.297) 
37.172c 
(3.580) 
51.556b 
(4.726) 
82.825a 
(6.174) 
40.749a 
(2.506) 
40.401a 
(2.138) 
Extractable K,  
mg kg
-1
 
354.642b 
(18.324) 
290.408c 
(16.462) 
311.424bc 
(15.985) 
348.562b 
(22.602) 
469.135a 
(31.002) 
361.071a 
(11.571) 
326.259b 
(9.651) 
† BD, bulk density; EC, electrical conductivity; Rot 1, continuous corn; Rot 2, alternating corn-
soybean; Rot 3, corn-soybean-triticale/soybean-corn-soybean-triticale/soybean; Rot 4, corn-corn-
corn/switchgrass-switchgrass-switchgrass-switchgrass; Rot 5, continuous switchgrass. 
 
 To counter the acidifying effects of fertilizers farmers often apply agricultural lime. Soil 
pH was significantly lower in Rot. 4 and 5 compared to Rot. 1, 2, and 3, and the pH for Rot. 1 
was significantly lower than Rot. 2. Rotation 4 was not different from Rot. 5 and Rot. 3 did not 
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differ from Rot. 1 and 2 (Table 3). A lower soil pH for the rotations that include switchgrass 
reflects the effects of management such as fertilization and biomass harvesting, which 
accelerates removal of base cations from the soil. This finding differs from results of earlier 
research where lower soil pH in croplands compared to switchgrass was attributed to soil 
acidification resulting from long-term N fertilization (Liebig et al., 2005). Nitrogen fertilization 
rates at the LTRPs vary depending upon both rotation and sequence within a rotation. Rotations 
1 and 4 receive 190 kg N ha
-1
 annually, Rot. 2 receives 135 kg N ha
-1
 in corn years only, Rot. 3 
receives 135 kg N ha
-1
 in corn and triticale years but no fertilizer in soybean years, and Rot. 5 
receives 135 kg N ha
-1
 annually. From 2006-2014, nitrogen was applied as urea, and since spring 
2015, it has been applied as encapsulated urea to reduce volatilization loss. We observed a 
significant biochar rotation interaction, as soil pH increased due to biochar in Rot. 1 (P = 0.028), 
Rot. 3 (P = 0.045), and Rot. 4 (P = 0.0005). Biochar age had no effect on soil pH (Table 4). This 
is in agreement with previous work showing that most biochars are a weak agricultural liming 
agent (Hass et al., 2012). Soil EC was significantly lower in Rot. 1 compared to all other 
rotations (P < 0.05). There was no overall effect of biochar, but a rotation by biochar interaction 
was found for Rot. 2, as biochar significantly lowered soil EC (P = 0.02). These differences were 
likely associated with management at the site (e.g., crops in rotation) and not inherent soil 
properties, as no consistent pattern was evident.  
 Another key indicator of soil quality is total soil organic C (Andrews et al., 2004). As 
expected biochar significantly increased total soil C (P < 0.0001) and the soil C:N ratio (P < 
0.05) across all rotations relative to the controls. When the no-biochar controls were analyzed by 
rotation, Rot. 5 had the highest total soil C and this value was significantly higher than rotations 
1, 3, and 4 (P < 0.05) (Table 3). Further, the 2016 soil C levels for Rot. 5 were significantly 
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higher than soil C levels in all other rotations at the time of site establishment (2006) (Fig. 3). 
Unfortunately, no data on soil properties were collected from Rot. 5 in 2006 for comparison to 
the 2016 values, however, the data suggest that continuous switchgrass stands are accumulating 
soil C relative to other cropping systems. The lack of tillage in the continuous switchgrass 
rotation may also play a role in the accumulation of soil C. Finally when evaluated by biochar 
age, within Rot. 1 subplots containing biochar aged 4 yr were significantly higher in soil C than 
subplots containing biochar aged 3 yr (Table 4). No other differences based on biochar age were 
observed.  
 Similar to soil C, total soil N was highest in Rot. 5, which was significantly higher than 
Rot. 1, 3, and 4 (P < 0.05), and higher than N levels at the time of establishment (Fig. 4). This 
result suggests the building of soil N in continuous switchgrass stands. Furthermore, there was an 
overall effect of biochar on soil N (P = 0.0002) and a biochar age effect within Rot. 1, with soil 
N for subplots having biochar aged 4 yr significantly higher than those containing biochar aged 3 
yr. When assessed by biochar and rotation, biochar increased total soil N across all rotations and 
a significant biochar rotation interaction was found as soil N was  significantly higher in the 
biochar treatments relative to the no biochar controls in Rot. 1 and 2 only (P < 0.05). 
Furthermore, soil N levels in the biochar plots for all rotations were significantly higher 
compared to N levels in the baseline (2006) soil samples (Fig. 4). This finding remains consistent 
even after accounting for the pyrogenic N that was added with the biochar, which contributes 
0.0017% N to the total measured soil N in Rot. 1 to 4. Similarly, 0.745% of the total soil C 
percent for Rot. 1 to 4 is attributable to pyrogenic C. This together with the biochar age effect on 
soil C observed for Rot. 1, suggests a possible synergistic interaction between biochar and
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Table 4.  All chemical properties measured from soil cores collected in 2016. Values are the average of four replicates with 
standard errors, and are grouped by biochar (BC) age within each crop rotation. Different letters indicate significance between 
years within a rotation (P < 0.05).  
 
Property
†
 Crop rotation 
 Rot 1 Rot 2 Rot 3 Rot 4 
 BC 2yr BC 3yr BC 4yr BC 3yr BC 4yr BC 2yr BC 3yr BC 4yr BC 1yr BC 2yr BC 3yr BC 4yr 
BD, g cm
-3
 
1.342a 
(0.010) 
1.362a 
(0.021) 
1.322a 
(0.022) 
1.337a 
(0.027) 
1.348a 
(0.031) 
1.358a 
(0.040) 
1.342a 
(0.039) 
1.331a 
(0.030) 
1.355a 
(0.029) 
1.366a 
(0.016) 
1.333a 
(0.030) 
1.298a 
(0.023) 
Total C, % 
2.844ab 
(0.132) 
2.449b 
(0.141) 
3.021a 
(0.185) 
2.762a 
(0.206) 
2.991a 
(0.169) 
2.806a 
(0.223) 
2.895a 
(0.231) 
2.772a 
(0.204) 
2.803a 
(0.172) 
2.696a 
(0.130) 
2.759a 
(0.201) 
3.149a 
(0.262) 
Total N, % 
0.211ab 
(0.008) 
0.197b 
(0.007) 
0.217a 
(0.006) 
0.216a 
(0.013) 
0.225a 
(0.011) 
0.217a 
(0.014) 
0.219a 
(0.012) 
0.209a 
(0.007) 
0.225a 
(0.016) 
0.207a 
(0.008) 
0.213a 
(0.010) 
0.217a 
(0.009) 
C:N ratio,  
% %
-1 
13.569ab 
(0.510) 
12.383b 
(0.462) 
13.899a 
(0.671) 
12.685a 
(0.304) 
13.271a 
(0.228) 
12.851a 
(0.324) 
13.104a 
(0.409) 
13.214a 
(0.638) 
12.517a 
(0.379) 
13.112a 
(0.826) 
12.881a 
(0.439) 
14.500a 
(1.030) 
pH 
6.43a 
(0.09) 
6.41a 
(0.09) 
6.33a 
(0.09) 
6.42a 
(0.06) 
6.50a 
(0.09) 
6.38a 
(0.12) 
6.45a 
(0.08) 
6.39a 
(0.08) 
6.22a 
(0.16) 
6.45a 
(0.14) 
6.34a 
(0.05) 
6.29a 
(0.08) 
EC, μS cm-1 
33.865a 
(3.287) 
28.914a 
(1.682) 
29.106a 
(2.030) 
27.628b 
(1.177) 
36.194a 
(2.526) 
42.436a 
(8.013) 
29.914b 
(2.900) 
31.4ab 
(2.252) 
31.343a 
(2.595) 
44.188a 
(7.086) 
36.769a 
(3.025) 
34.108a 
(2.700) 
Extractable 
P, mg kg
-1 
34.963a 
(4.113) 
30.028a 
(3.749) 
25.380a 
(5.145) 
37.626a 
(7.355) 
43.220a 
(5.514) 
35.701a 
(4.480) 
38.013a 
(7.171) 
30.047a 
(5.440) 
59.457a 
(10.72) 
44.592a 
(5.777) 
64.934a
(13.52) 
56.631a 
(11.80) 
Extractable 
K, mg kg
-1 
348.25a 
(38.15) 
356.51a 
(36.23) 
349.31a 
(20.96) 
309.53a 
(24.68) 
349.85a 
(12.07) 
290.48a 
(11.12) 
357.04a 
(47.68) 
374.35a 
(49.84) 
390.35ab 
(39.51) 
283.71b 
(14.12) 
456.68a 
(56.32) 
474.15a 
(38.79) 
† BD, bulk density; EC, electrical conductivity; Rot 1, continuous corn; Rot 2, alternating corn-soybean; Rot 3, corn-soybean-
triticale/soybean-corn-soybean-triticale/soybean; Rot 4, corn-corn-corn/switchgrass-switchgrass-switchgrass-switchgrass.
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biogenic sources of C and N. Biochar has been shown to alter soil microbial activity (Warnock et 
al., 2007; Steinbeiss et al., 2009; Lehmann et al., 2011), as no biological indicators were 
evaluated here, we cannot distinguish whether biotic and abiotic processes contributed to the 
apparent synergism. However, the results point to biochar helping catalyze the formation of 
biogenic humic substances and the associated accumulation of N, suggesting a negative priming 
effect. This finding is consistent with Rogovska et al. (2011) who reported evidence of negative 
priming when comparing CO2 emissions from soils amended with manure and manure plus 
biochar. This relationship between biochar, biochar age, and soil N accumulation is a topic that 
requires further investigation. 
 
 
Fig. 3. Total soil C by rotation measured in 2006 and in 2016 for biochar and no-biochar 
treatments. Values are the average of four field replicates with standard error bars. Different 
letters indicate significant differences between biochar and no-biochar treatments within a 
rotation (P < 0.05). Significance between Rot. 5 and the no-biochar plots from 2006 and 2016 is 
indicated by an asterisk (*). 
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Fig. 4. Effect of crop rotation and biochar (bc) on Total soil N by rotation measured in 2006 and 
in 2016 for biochar and no-biochar treatments. Values are the average of four field replicates 
with standard error bars. Different letters indicate significant differences between biochar and 
no-biochar treatments within a rotation (P < 0.05). Significance between Rot. 5 and the no-
biochar plots from 2006 and 2016 is indicated by an asterisk (*). 
  
 Determining the amount of plant nutrients in the soil is important for understanding their 
bioavailability to a growing crop. Phosphorus and potassium fertilization rates at the LTRPs 
were constant from 2006 to 2014 with 67 kg P ha
-1
 and 90 kg K ha
-1
 applied annually to all plots. 
Soil test results in 2015 revealed very low levels of both soil P and K as determined by the 
Mehlich-III extraction. As a result, in 2015 all plots except for Rot. 5 (switchgrass) received 190 
kg P ha
-1
 and 992 kg K ha
-1
. Our results suggest that the addition of biochar resulted in no 
measurable difference in soil P across all rotations and no overall biochar effect. A significant 
biochar rotation interaction was found for soil K, as biochar increased soil K levels in Rot. 4 only 
62 
 
 
(P = 0.006). We attribute this to biochar containing some K. This result differs from what has 
largely been reported by other studies, as a meta-analysis of the biochar literature by Biedermen 
and Harpole (2013) concluded that biochar on average increases soil P and K. Evaluated by 
biochar age, soil K concentrations within Rot. 4 were actually lower for biochar aged 2 yr but 
higher for plots containing biochar aged 3 and 4 yr (P < 0.05) and no differences in soil P 
concentration with biochar age were observed (Table 4). The difference in soil K within Rot. 4 is 
attributed to management at the site (e.g., crops in rotation), as no clear pattern was evident. 
Further investigation into soil nutrient dynamics at the LTRPs is needed to clarify these findings.  
 When soil P and K were analyzed by rotation alone, Rot. 5 had higher values for soil P 
and K than all other rotations (P < 0.05). Switchgrass is a well-known crop for having low 
management and fertilization requirements (McLaughlin and Kszos, 2005) and it is possible that 
the increased root biomass in the continuous switchgrass rotation reduces leaching losses and 
increases nutrient retention. Additionally, removal rates of soil P under switchgrass have been 
reported to be between 7 and 14 kg P ha
-1
 yr
-1
 (Schmer et al., 2011), which is much lower than 
the 42 kg P ha
-1
 yr
-1
 removal rates reported for corn and soybean systems (Mallarino et al., 
2011). Further, Rot. 4 had greater soil P than rotations 1, 2, and 3 (P < 0.05) and Rot. 1 and 4 had 
higher levels of soil K compared to Rot. 2 (Table 3). Differences in soil P and K levels are likely 
in response to crop rotation and not fertilizer applications since all rotations, except for Rot. 5, 
received the same amount of fertilizer. Although, the finding that soil P and K levels were higher 
in Rot. 5 compared to all other rotations, without the large fertilizer inputs in 2015 is significant. 
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Conclusions 
 Our findings indicate that crop rotation, biochar, and biochar age all had an impact on 
several, but not all, of the soil chemical and physical properties measured in this study. In 
general, crop rotations containing switchgrass (Rot. 4 and 5) had a positive impact on a greater 
number of soil quality indicators compared to the conventional cropping systems (Rot. 1 and 2) 
and a conventional rotation with a cover crop (Rot. 3). Continuous switchgrass contributed to the 
accumulation of soil C and N, increased retention of P and K, and decreased soil bulk density, 
but with a possible tradeoff from biomass harvesting leading to lower soil pH. Biochar increased 
volumetric water content total soil C and N, soil C/N ratio, pH, and plant available K, while 
decreasing soil bulk density and solute dispersivity. The evidence from the 2016 sampling that 
total soil C and N continued to increase with biochar age implied a synergistic interaction 
(negative priming). This finding emphasized the critical importance of including biochar age as a 
factor in future biochar field studies and the need for more field studies that evaluate longer term, 
> 4 yr, biochar aging effects on soil quality. The interaction between biochar and crop rotations 
indicated the complexity of soil quality responses to biochar and the possibility of further 
synergistic interactions by integrating biochar amendments with management systems that 
include annual cover crops or perennial biomass crops to enhance C sequestration and 
sustainability of biomass harvesting. Overall, results supported our stated hypotheses, that the 
sustainability of bioenergy cropping systems could be enhanced with the incorporation of 
biochar amendments and alternative crop rotations into the Midwestern landscape. 
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CHAPTER 4. IMPACTS OF FRESH AND AGED BIOCHARS ON PLANT AVAILABLE 
WATER AND WATER USE EFFICIENCY  
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Abstract 
 The ability of soils to hold sufficient plant available water (PAW) between rainfall events 
is critical to crop productivity. Most studies indicate that biochar amendments decrease soil bulk 
density and increase soil water retention. However, limited knowledge exists regarding biochars 
ability to influence PAW and water use efficiency (WUE), and even less is known about the 
effects of aged biochars on PAW and WUE. This greenhouse study investigated the influence of 
six fresh and six aged biochars on PAW and WUE for three soils of contrasting texture. PAW 
and WUE were assessed by growing maize in repacked soil columns (1 kg soil). Plant and water 
data were collected from the V1 growth stage until the plants died of water stress. Relative to the 
controls, both fresh and aged biochars increased soil moisture retention in the clay loam soil, had 
no impact in a silt loam soil, and had variable effects in a sandy loam soil. Final biomass weight 
increased with the addition of fresh biochar in the sandy loam and silt loam soils and decreased 
in the clay loam soil, while aged biochar increased biomass weight in the silt loam soil. Both 
fresh and aged biochars decreased PAW in the clay loam soil and had no impact on PAW in the 
silt loam soil. Fresh biochar increased PAW, while aged biochar had no effect on PAW for the 
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sandy loam soil. WUE decreased in response to both fresh and aged biochars in the clay loam 
soil and was variable for the other two soils. Results of this experiment indicate that biochar type 
and biochar age have variable impacts on PAW and WUE, indicating that biochar amendments 
can improve soil water relations and crop growth under water limited conditions for some but not 
all soils. 
 
Keywords: Biochar, Biochar age, Soil water retention, Rainfed agriculture, Water stress 
 
Abbreviations: SP, slow pyrolysis; FP, fast pyrolysis; SG, switchgrass; CS, corn stover; SB, 
soybean; HW, hardwood; PAW, plant available water; WUE, water use efficiency; PWP, 
permanent wilting point; FC, field capacity; BD, bulk density; WDPT, water droplet penetration 
test 
 
 
Introduction 
 Over 80% of cropland and 60% of food produced globally is the result of rainfed 
agricultural production (FAO, 2011). This makes getting ‘more crop per drop’ (FAO, 2003) in a 
period of rapid population growth, increasing environmental degradation, and greater climatic 
variability a high priority. Managing water efficiently in rainfed systems to maintain high 
productivity will be essential in order to meet food, fiber, and fuel demands of a growing global 
population with increasingly variable rain events (IWMI, 2007). Rainfall patterns are expected to 
change in terms of intensity, frequency, and distribution as the global climate changes (IPCC, 
2007). Water is already considered the limiting factor for attaining the maximum yield potential 
in areas where rainfed agriculture is practiced (Rockstrom et al., 2010). Hence, technologies that 
75 
 
 
improve not only soil water retention but water use efficiency (WUE) and plant available water 
(PAW) in rainfed systems are critically needed to increase the resilience of food production. This 
is especially true during critical periods of the growing season when significant yield declines 
may occur due to limited water availability. One technology currently available that has the 
potential to improve water management in rainfed agriculture is biochar. Biochar, the solid co-
product of biomass pyrolysis, is a soil amendment effective at improving soil water retention 
while simultaneously sequestering carbon and enhancing soil quality (Lehmann and Joseph, 
2009).  
 Numerous studies indicate that biochar impacts soil water retention and other hydrologic 
functions, but due to different experimental conditions (including soil type and biochar 
treatments), results have been variable (Glaser et al., 2002; Major et al., 2012; Jeffery et al., 
2015; Hardie et al., 2014; Obia et al., 2016; Lim et al., 2016). Nevertheless, due to the high 
internal porosity and the large surface area of biochars studies in general support decreased soil 
bulk density and increased porosity and water retention (Novak et al., 2009; Streubel et al., 2011; 
Artiola et al., 2012; Basso et al., 2013; Abel et al., 2013; Rogovska et al., 2014; Ma et al., 2016). 
These many studies have investigated the effects of different biochar and soil mixtures on water 
retention and soil physical properties but only more recently have a few studies examined 
biochars influence on PAW and WUE. Quantifying WUE and PAW impacts of biochar in 
addition to water retention is essential because more water retained in the soil profile does not 
necessarily equate to more water for a growing plant (Verheijen et al., 2010) and in order to 
achieve maximum yield potentials plants must be able to access the water.  
 Very little is known about how biochar aging (weathering) influences PAW and WUE. 
Although considerable knowledge now exists about how biochar properties change over time, 
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and was recently summarized in Mia et al. (2017), knowledge of how aged biochars in diverse 
soils influences PAW and WUE remains limited. Biochar age should be considered in biochar 
studies because although biochars are inherently more recalcitrant than other forms of organic 
matter, biochar properties still change over time (Downie et al. 2009; Kasozi et al., 2010; 
Kuzyakov et al., 2014). These changes have been shown to influence biochars’ impact on 
agroecosystem functions (Seredych and Bandosz, 2007, Major et al., 2010; Wang et al., 2012; 
Borchard et al., 2014; Rajapaksha et al., 2016).  
 The aging of biochar can be broadly classified as either short- or long- term aging. Short-
term aging refers to the hydration and oxidation of biochar surfaces that occurs after exposure to 
air and moisture (IBI, 2014). Long-term aging results from the physical and biochemical 
breakdown of biochar particles, dissolution of soluble salts and organic compounds, sorption of 
dissolved compounds from the soil solution, and the neutralization of alkalis over time in soil 
environments (Mia et al., 2017). Natural field aging of biochar can take decades to centuries so 
rapid laboratory aging procedures have been developed to mimic long-term field weathering 
processes. These artificial procedures often include a combination of acidification, oxidation, and 
incubations of different biochars (Hale et al., 2011; Uchimiya et al., 2011; Liu et al., 2013; Shi et 
al., 2015; Bakshi et al., 2016). The presence of aged biochars in soils may be more beneficial 
than fresh biochars as the changes in physicochemical properties of the biochars that occur on 
aging may increase the capacity of soils to retain water and nutrients (Mia et al., 2017).  
 This study was undertaken to assess the impact of artificially aged biochars on soil water 
relations and crop growth in diverse soils. While we recognize that artificially aged biochars may 
not be fully representative of naturally aged biochars, they provide a basis for assessing the 
direction and potential impact of aging on water relations. The objectives of this study were to 
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investigate the influence of biochar age, biochar type, and their interaction on PAW and WUE in 
maize for three soils with contrasting textures. We hypothesized that biochar amendments would 
increase PAW and WUE in all three soils and that aged biochars would lead to greater increases 
in PAW and WUE than their fresh counterparts. 
 
Material and Methods 
 This greenhouse column experiment was conducted at Iowa State University during the 
winter of 2015/2016. It involved 39 different treatments with four replicates totaling 156 
columns in a complete randomized design. Treatments included 12 different biochars, three soil 
types, one biochar application rate, one crop, and one watering regime. 
 
Soils 
 The soils used in this study were collected from three different locations across the state 
of Iowa and included a sandy loam, a silt loam, and a clay loam (USDA textural classification). 
Silt loam and clay loam soils were collected from agricultural fields in southwest and central 
Iowa, respectively, and the sandy loam from a river flood plain in central Iowa. Chemical and 
physical properties of the three soils are provided in Table 1. Following collection, soils were air 
dried, sieved to < 2 mm, and stored in sealed plastic containers until the start of the experiment. 
 
Table 1. Soil chemical and physical properties 
Property Soil type 
 Sandy loam Silt loam Clay loam 
pH 7.34 6.80 6.92 
EC (µs cm
-1
) 154.3 417 29.1 
Extractable P (mg kg
-1
) 39.11 169.60 79.49 
Extractable K (mg kg
-1
) 59.48 536.03 369.25 
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Table 1. Continued    
    
NH
4+
-N (mg N kg
-1
) 1.90 5.77 7.17 
NO
3-
- N (mg N kg
-1
) 0.37 3.84 3.77 
Total C (%) 1.25 2.89 4.86 
Total N (%) 0.08 0.29 0.37 
% Sand 
% Silt 
% Clay 
77.6 14.3 40.7 
12.5 59.8 29.8 
9.9 25.9 29.5 
 
Biochars 
 The biochars used in this study were produced by either fast pyrolysis (FP) or slow 
pyrolysis (SP) using corn stover (CS), switchgrass (SG), soybean (SB), and hardwood (HW) 
feedstocks. A subsample of each biochar was aged in the laboratory using acidification and 
oxidation treatments, followed by incubation with dissolved organic carbon (Bakshi et al., 2016). 
Briefly, fresh biochars (sieved < 1 mm) were incubated for one month at 40 °C in 1 M HCl 
(biochar: 1 M HCl = 1:5) with weekly additions of 30% H2O2. Following this incubation period 
biochars were washed twice with 1 M CaCl2, washed with double deionized water, and then 
incubated for another month at 40 °C in an aqueous solution of dissolved organic carbon 
extracted from compost. Lastly, the incubated biochars were washed again with double deionized 
water, air dried, and stored for later use. A brief description of the 12 biochars (six fresh and six 
aged) used is provided in Table 2. For the complete physiochemical properties of the fresh and 
aged biochars please refer to Bakshi et al. (2016). 
 
Table 2. Feedstock and production conditions of the six fresh and six aged biochars used in this 
study (adapted from Bakshi et al., 2016). 
Biomass 
Feedstock 
Pyrolysis 
technique 
Pyrolysis 
temperature (°C) 
Source 
Hardwood Fast 600-650 Dynamotive Energy Systems, Richmond, CA 
Hardwood Slow 500-550 Cowboy Charcoal, Brentwood, TN, USA 
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Table 2. Continued   
    
Soybean Fast 500 BioCentury Research Farm, Boone, IA, USA 
Switchgrass Slow 500 Iowa State University, Ames, IA, USA 
Corn Stover Fast 500 Avello Bioenergy, Boone, IA, USA 
Corn Stover Slow 500 Iowa State University, Ames, IA, USA 
 
Experimental Design 
 Previously constructed soil columns made of PVC pipe were used. Each column had 
dimensions of 14.1 cm high and 10.3 cm diameter, and was fitted with an endcap containing a 
12.7 mm diameter hole. Prior to the experiment, the mass of all empty columns was recorded and 
a small piece of landscape fabric was placed on the underside of each column to allow water 
flow but prevent any loss of soil material. A Whatman 42 filter paper was placed inside the 
bottom of the each column to trap soil particles and 100 g of coarse sand (2-5 mm) was added on 
top of the filter paper to maintain adequate drainage out the bottom of each column. Individual 
masses of fabric and filter paper were recorded for all columns. The soil and biochar for each 
treatment were mixed together in a rotary cement mixer for 5 min. Biochar was incorporated at a 
rate of 1% w w
-1
 for all treatments (field application rate of ~22 t ha
-1
), after taking into account 
the moisture content of each soil and biochar. All columns were packed with 1 kg of soil + 
biochar mixture and manually tapped down to consolidate the soil.  
 After all 156 columns were packed, they were placed into plastic bins and saturated from 
the bottom-up with distilled water. Complete saturation was assumed after a head of water was 
visible on the soil surface. Once saturated, columns were removed from the bins and left to freely 
drain until the head of water had disappeared (< 30 mins). Extenders, 5 cm high and of a known 
mass, were secured to the top of the columns containing the clay loam soil (to accommodate the 
swelling clay) and 70 g of plastic beads  were added on top of the soil to serve as mulch and to 
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reduce water loss to evaporation. Soil evaporation curve data was collected as the columns were 
left to freely drain and weighed at 12, 24, and 48 h, and then every 48 h for eight days. Field 
capacity (FC) was determined as the weight after 24 h.    
 After gathering data on soil water evaporation, beads were removed, columns were 
fertilized with 75 mL of Miracle-Gro
®
 all-purpose plant food (720 g L
-1
). Additional water was 
added as needed to bring the columns back to FC and three maize seeds were planted in each 
column. Soil bulk density (BD) measurements were subsequently taken by measuring the depth 
from the top of the column to the soil surface as described by Rogovska et al. (2011). Mean and 
standard error values of BD for each treatment were derived from three replications.  
 From planting to the V1 growth stage all soil columns were watered to FC every two 
days to ensure maize emergence. Once seedlings reached the V1 growth stage, plants were 
thinned to one plant per column (largest plant kept), the columns were watered to FC, and 
subsequently no water was applied for the duration of the experiment. The plastic beads were 
added back to their respective column and columns were weighed at 12, 24, and 48 h, and then 
every 48 h until plant death by moisture stress. The experiment lasted approximately 30 days 
from the time of the final watering to the final weighing. The change in soil water content (g g
-1
) 
over time was recorded along with plant growth stage. PAW of each soil column was determined 
as the difference in column weight at FC and at final weighing. All PAW values calculated from 
the greenhouse dry-down experiment are reported on a gravimetric basis (g g
-1
), because BD was 
continuously changing during the dry-down experiment. Final soil BD was measured using the 
same method as described above. Final above ground biomass weight and height were 
determined at the end of the experiment. WUE was determined from the ratio of final above 
ground biomass weight to cumulative evapotranspiration. 
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Soil Water Retention Curves 
 Soil water retention curves were determined on the soils from each column. A hose 
connected to the house air system was plugged into the bottom of each column and the soil core 
was removed intact by air pressure. Subsequently, a metal ring of soil (3.7 cm high and 5.3 cm 
diameter) was collected from the middle of each soil core for soil water retention analysis. Water 
retained at -0.33, -1, -3, -5, and -15 bars matric potential were determined using the pressure 
plate method (Klute, 1986) and a Ceramic Plate Extractor (Soil Moisture Equipment Corp., Santa 
Barbara, CA, USA). The metal rings were used to determine water retained at -0.33 and -1 bars 
while rubber rings, 1 cm high and 3 cm diameter, were used to determine water retained at -3, -5, 
and -15 bars.  
 Soil within the metal rings were saturated from the bottom with 0.001 M CaCl2 overnight 
at 20 °C. Saturated samples were weighed, placed into the chamber and pressure set to -0.33 bar. 
Once no more water was visibly draining from the chamber, the metal rings were weighed, and 
the same samples were placed back into the chamber and pressure set to -1 bar. Following the 
collection of sample weight after -1 bar, soil was removed from the metal rings, sieved to < 2 
mm, and a subsample was taken for moisture content determination. Rubber rings were filled 
with the remaining sieved soil and saturated as described previously. After drainage stopped 
from the chambers set at each pressure potential (-3, -5, and -15 bars), soil was removed from the 
rubber rings, weighed, oven dried at 105 °C overnight, and reweighed to determine water 
content. PAW of each sample was determined as the difference in water content held between -
0.33 and -15 bars. All PAW values calculated from the laboratory water retention curves are 
reported on a volumetric basis (cm
3
 cm
-3
) 
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Water Drop Penetration Test 
 The water drop penetration test (WDPT) was used to evaluate the degree of 
hydrophobicity of the six fresh and six aged biochars used in this study. The method and 
classification system described in Dekker et al. (2009) was used; which was originally developed 
to assess soil water repellency. In triplicate determination, 50 mL of biochar was placed into 
weigh boats and left in a 50 °C incubator for two weeks. Samples were removed from the 
incubator, the biochar surface was levelled, and using a plastic transfer pipette three drops of 
distilled water were placed on the surface. A stopwatch was used to record the time (s) elapsed 
from when a single water droplet touched the biochar surface to when it was absorbed. The 
classification of biochar hydrophobicity was based on the time needed to completely penetrate 
the biochar surface. After completion of the test the biochars were transferred to French square 
bottles and 100 mL of distilled water was added. Samples were shaken on a reciprocating shaker 
for 48 h, filtered using Whatman 42 filter paper, and placed back into the 50 °C incubator for two 
more weeks. After the second drying period the WDPT was repeated as previously described. 
Two classifications of biochar hydrophobicity are reported: one after the initial drying period and 
the other after the subsequent wetting-drying period. 
 
Statistical Analysis 
 Statistical analysis for initial and final soil BD, greenhouse and laboratory PAW, WUE, 
and final biomass height and weight were performed in R, version 3.3.1. A three-way analysis of 
variance (ANOVA) was used to assess the interaction effect of biochar age, biochar type 
(determined by the combination of feedstock and pyrolysis technique), and soil type. All 
interactions with soil type were significant (P < 0.0001) therefore, the individual effects of 
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biochar age and biochar type and their interactions within each soil type were analyzed using a 
two-way ANOVA. Differences between treatments within each soil type were analyzed using 
lsmeans. Statistical significance was assessed at the 5% alpha level using the Tukey HSD test. 
All data are means of four replicates. 
 
 
Results and Discussion 
Bulk Density 
 Initial BD was not affected by biochar or biochar age in any of the soils (Table 3). 
However, biochar type and soil type did impact initial BD (Table 4). Initial BD was 1.16, 1.00, 
and 1.42 (g cm
-3
) for the silt loam, clay loam, and sandy loam soils, respectively.  
 Significant interactions of biochar type with soil type and biochar age with soil type were 
found for final BD (Table 4). Final BD was lower in the biochar treated columns relative to the 
controls for each soil type and both fresh and aged biochar, with the exception of aged biochar in 
the sandy loam soil, which was equal to the control (Table 3). Soil columns containing sg.sp 
biochar had the lowest BD within each soil type (data not shown).  
 The lack of a biochar impact on initial BD can be attributed to the way in which the 
columns were prepared, targeting a common BD for each soil type. During the course of the 
study soil consolidation increased the final soil BD relative to the initial BD, due to the effects of 
gravity and moisture loss over time. Our results indicate that the increase in BD with time was 
less for the biochar treated columns compared to the controls, which is consistent with other 
studies (Laird et al., 2010; Burrell et al., 2016). 
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Table 3. Soil and plant properties measured from each soil column. Values are the average of four replicates with standard errors. 
Different letters indicate significance between biochar (BC) ages (Fresh BC and Aged BC) and the control by soil type (P < 0.05).  
 
Property Soil type 
 Sandy loam Silt loam Clay loam 
 Control Fresh BC Aged BC Control Fresh BC Aged BC Control Fresh BC Aged BC 
Initial BD 
(g cm
-3
) 
1.44a 
(0.016) 
1.41a 
(0.008) 
1.43a 
(0.008) 
1.19a 
(0.009) 
1.16a 
(0.005) 
1.15a 
(0.007) 
0.99a 
(0.001) 
1.00a 
(0.019) 
0.99a 
(0.005) 
Final BD 
(g cm
-3
) 
1.56a 
(0.012) 
1.53b 
(0.008) 
1.56a 
(0.008) 
1.53a 
(0.018) 
1.48b 
(0.008) 
1.47b 
(0.008) 
1.66a 
(0.012) 
1.63b 
(0.008) 
1.61b 
(0.004) 
WUE  
(mg g
-1
) 
2.48a 
(0.058) 
2.41a 
(0.099) 
2.50a 
(0.074) 
3.50a 
(0.103) 
3.75a 
(0.083) 
3.81a 
(0.072) 
4.17a 
(0.072) 
3.18b 
(0.069) 
3.36b 
(0.084) 
Final biomass 
weight (g) 
0.478b 
(0.011) 
0.564a 
(0.019) 
0.473b 
(0.008) 
1.021b 
(0.019) 
1.106a 
(0.017) 
1.113a 
(0.017) 
1.554a 
(0.018) 
1.381b 
(0.025) 
1.496a 
(0.027) 
Final biomass 
height (cm) 
53.13a 
(0.921) 
54.98a 
(0.872) 
52.81a 
(0.588) 
68.88a 
(0.875) 
67.46a 
(1.250) 
70.15a 
(0.831) 
73.63a 
(2.461) 
71.79a 
(0.907) 
72.23a 
(1.504) 
 
 
Table 4. Results of three-way ANOVA for individual and interaction effects of biochar age (BCage), biochar type (BCtype), and 
soil type (soil) on plant and soil properties. 
Factors Initial BD Final BD Greenhouse PAW Laboratory PAW WUE Biomass weight Biomass height 
 F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value 
soil 1330.36 <0.0001 297.90 <0.0001 2888.48 <0.0001 2241.19 <0.0001 236.19 <0.0001 1787.09 <0.0001 195.09 <0.0001 
BCtype 5.53 <0.0001 12.18 <0.0001 11.19 <0.0001 4.479 <0.001 8.07 <0.0001 7.82 <0.0001 0.21 NS 
BCage 0.01 NS 0.01 NS 21.13 <0.0001 36.00 <0.0001 4.31 <0.05 0.67 NS 0.15 NS 
BCtype*soil 1.48 NS 2.55 <0.01 6.82 <0.0001 3.84 <0.0001 4.70 <0.0001 2.65 <0.01 0.88 NS 
BCage*soil 2.19 NS 6.13 <0.01 37.89 <0.0001 15.74 <0.0001 0.42 NS 19.79 <0.0001 2.79 NS 
BCage*BCtype 1.59 NS 1.78 NS 4.99 <0.001 3.46 <0.01 2.41 <0.05 1.94 NS 1.14 NS 
BCage*BCtype*soil 1.32 NS 0.33 NS 4.77 <0.0001 3.74 <0.001 3.71 <0.001 0.77 NS 1.01 NS 
8
4
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Biochar Hydrophobicity 
 The WDPT was conducted to assess biochar water repellency. Results indicate that the 
relative degree of biochar hydrophobicity decreased for all biochars following exposure to a 
drying-wetting-drying cycle (Table 5). After the first drying period and WDPT (time 1) seven 
out of twelve biochars were classified as having some degree of hydrophobicity and five were 
classified as hydrophilic. The second wetting-drying period and WDPT (time 2) resulted in eight 
of the twelve biochars being classified as hydrophilic and four with hydrophobic properties 
(Table 5). These findings are consistent with studies that have measured biochar hydrophobicity 
following exposure to post-pyrolysis wetting and drying treatments (Kinney et al., 2012; Das and 
Sarmah, 2015). Furthermore, results indicate that all fresh biochars were more hydrophobic than 
their aged counterparts, which is consistent with the literature (Mia et al., 2017). Feedstock and 
production technique are likely to also influence biochars’ ability to uptake water (Gray et al., 
2014), however, based on the qualitative measure used here we cannot accurately distinguish 
these effects. Overall, the WDPT results indicate that aged biochars are more hydrophilic then 
fresh biochars and that after additional wetting/drying treatments biochars become less 
hydrophobic.   
 
Table 5. Classification of biochar hydrophobicity after drying (time 1) and a second wetting-
drying period (time 2) for all biochars.   
 
Biochar
a
 Time 1 (s) Classification 1 Time 2 (s) Classification 2 
fresh-sg.sp > 600 severely hydrophobic 0-5 hydrophilic 
fresh-cs.sp > 600 severely hydrophobic < 60 slightly hydrophobic 
fresh-cs.fp 60-120 strongly hydrophobic 0-5 hydrophilic 
fresh-sb.fp > 3600 extremely hydrophobic < 60 slightly hydrophobic 
fresh-hw.sp > 3600 extremely hydrophobic < 60 slightly hydrophobic 
fresh-hw.fp > 3600 extremely hydrophobic 750 severely hydrophobic 
aged-sg.sp 0 hydrophilic 0 hydrophilic 
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Table 5. Continued    
     
aged- cs.sp 0 hydrophilic 0 hydrophilic 
aged- cs.fp 0 hydrophilic 0 hydrophilic 
aged- sb.fp 0 hydrophilic 0 hydrophilic 
aged- hw.sp 10 slightly hydrophobic 5 hydrophilic 
aged- hw.fp 5 hydrophilic 0-5 hydrophilic 
a 
biochar abbreviations - fresh biochar (fresh), aged biochar (aged), slow pyrolysis (sp), fast 
pyrolysis (fp), switchgrass (sg), corn stover (cs), soybean (sb), hardwood (hw). 
 
Greenhouse - Gravimetric Soil Water Content and PAW  
 
 Soil water content and PAW (measured gravimetrically because BD changed during the 
course of the dry-down experiment) for the greenhouse soil columns were affected by biochar 
age, biochar type, and soil type. Results of the ANOVA show a three-way interaction and 
individual effects on greenhouse PAW (Table 4). For the silt loam soil, the soil moisture dry-
down curves were little affected by biochar and biochar age (Fig. 1). Within the fresh and aged 
biochars no differences were found for PAW based on biochar type. However, fresh cs.fp had 
higher PAW and fresh sb.fp lower PAW than their aged counterparts (Fig. 2).  
 For the clay loam soil, the soil moisture dry-down curves indicate that biochar 
significantly increased gravimetric soil water content at permanent wilting point (PWP). The 
increased water content at PWP in the biochar treatments lead to reduced PAW for both fresh 
and aged biochar treatments compared to the control (Fig. 1). The results suggest that some 
water is held in micropores (< 2 nm) or bound too tightly to biochar surfaces to be taken up by 
plant roots. However, biochar when applied in small amounts (10 g kg
-1
) has been reported to 
increase macroporosity (> 50 nm) and PAW in clay soil (Castellini et al., 2015). Among the 
columns treated with fresh biochars, the columns containing sg.sp biochar had more PAW than 
the columns with the cs.fp, hw.fp, and sb.fp biochars. Among columns treated with aged 
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biochars, fewer differences were observed but columns with the cs.fp and hw.fp biochars had 
more PAW then those amended with the sb.fp biochar. Columns amended with fresh cs.fp and 
hw.fp had less PAW than their aged counterparts while fresh sg.sp columns retained more PAW 
than columns with aged sg.sp (Fig. 2).  
 For the sandy loam soil, the soil moisture dry-down curves reveal that fresh biochar 
increased and aged biochar decreased soil water retention (Fig. 1). This translated to more PAW 
in the columns containing fresh biochars, regardless of biochar type, compared to the aged 
biochars (Fig. 2). The increased PAW due to fresh biochar was also higher than the control, 
while no difference in PAW was found between the aged biochar and control treatments (Fig. 1). 
Abel et al. (2013) and Hansen et al. (2016) report similar findings for fresh biochars amended to 
sandy soils; they concluded that biochar increases PAW, which they attribute to greater water 
held at FC in the biochar treatments. Evaluated by biochar type and within the fresh biochars, 
cs.sp held the most PAW and hw.sp the least. Among the aged biochars, cs.fp, cs.sp and sg.sp 
held more PAW than hw.sp (Fig. 2).  
 The opposing effects of fresh and aged biochars on soil water content and PAW in the 
sandy loam soil and apparent hydrophobic effect of the aged biochar on water content were 
unexpected. Our original hypothesis stated that aged biochars would lead to greater 
improvements in PAW relative to their fresh counterparts; since aged biochars have more 
oxygen-containing functional groups then fresh biochars (Mukherjee et al., 2014; Bakshi et al., 
2016). The WDPT was conducted to provide further insight into this finding (see section 3.2). 
However, the results of the WDPT did not clarify the trend observed between the sandy loam 
control and the aged biochar treatments. Further research is needed to explain this apparent 
hydrophobic effect. 
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Fig. 1. Effect of fresh and aged biochar on soil water content over time during plant growth 
within each soil type. Inset bar graphs are the calculated PAW (difference between weight after 
24 h (FC) and weight at final weighing) separated by biochar age within each soil type. 
 
Laboratory - Volumetric Soil Water Content and PAW 
 Significant individual and interaction effects of biochar age, biochar type, and soil type 
were found on soil water content and PAW as determined by water retention curves (Table 4). 
For the silt loam soil, biochar and biochar age had no effect on volumetric water content or PAW 
compared to the control soil (Fig. 3). Differences were found among the aged biochars, as soil 
with the sb.fp biochar retained more PAW than soil with the hw.fp biochar (Fig.4).   
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Fig. 2. Effect of biochar type and age on greenhouse PAW within each soil. The fresh biochar 
bars that contain a star are different than their aged counterparts (P < 0.05). 
 
 For the clay loam soil, results from the soil water retention curves indicate that at FC the 
biochar treated soils held less water than the control but held a comparable amount of water at all 
other matric potentials (Fig. 3). This suggests that the addition of biochar to a poorly drained clay 
loam soil improves drainage. Moreover, PAW was lower after the addition of both fresh and 
aged biochar relative to the control, and aged biochar decreased PAW more than fresh biochar 
(Fig. 3). No differences in PAW were found among the fresh biochars. Soil with the aged cs.fp 
and hw.fp biochars retained more PAW than soils with the cs.sp and hw.sp biochar treatments. 
All fresh biochars except for cs.fp and hw.fp retained more PAW than their aged counterparts 
(Fig. 4).  
 Our finding that the addition of biochar to a clay loam soil impacts PAW and soil water 
retention differs from the results of Major et al. (2012) and Hardie et al. (2014) who reported that 
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biochar amended to a clay soil had no significant effect on water holding capacity and no 
significant effect on PAW or soil retention characteristics, respectively. Further, our results are 
opposite those reported by Ma et al. (2016) who found enhanced PAW for a clay loam soil 
following biochar addition, which the authors attribute to increased water retention at FC.  
 For the sandy loam soil, the water retention curves indicate the same pattern as the soil 
dry-down curves; with fresh biochar increasing and aged biochar decreasing soil water retention 
(Fig. 3). Some studies conducted using sandy textured soils agree with our findings that biochar 
affects soil moisture retention (Gaskin et al., 2007; Abel et al., 2013; Pudasaini et al., 2016), 
while others report no affect (Hardie et al., 2014; Jeffery et al., 2015). However, the changes in 
soil water retention resulted in increased PAW only among the fresh biochar treatments 
compared to the aged biochar treatments, and no differences were found between both fresh and 
aged biochars relative to the control treatment (Fig. 3). Furthermore, no differences were found 
between biochar types within both the fresh and aged biochars, but fresh cs.fp, hw.sp, and sb.fp 
biochars held more PAW than their aged counterparts (Fig. 4).  
 Overall for the three distinct soils studied, both the soil moisture dry-down curves and the 
water retention curves indicated similar results for the effect of biochar treatments on soil water 
retention and PAW. Our findings are largely consistent with the older work of Tryon (1948) who 
examined the effect of charcoal on soil moisture and found increased available moisture in a 
sandy soil, no impact in a loamy soil, and decreased available water in a clayey soil. A more 
recent study by Peake et al. (2014) provides further evidence of the variable influence biochars 
have on PAW for soils of contrasting textures. The authors examined the effect of three different 
biochar application rates on the properties of eight diverse soils and found a direct relationship 
between soil silt content and biochars’ effect on PAW and FC. 
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Water Use Efficiency 
 Water use efficiency was affected by soil type, biochar type, and biochar age (Table 4). 
Within each soil type, the effects of biochar type and age were variable, with no clear pattern 
apparent. For the silt loam soil, fresh cs.fp and cs.fp biochars increased WUE compared with 
fresh hw.sp biochar, while aged cs.sp and sb.fp biochars increased WUE relative to cs.fp biochar. 
Fresh hw.sp and sb.fp biochars decreased WUE compared to their aged counterparts (Fig. 5).  
 For the clay loam, the soil control had greater WUE compared to all biochar treatments 
(Table 3). Within fresh biochar treatments, sg.sp biochar had the highest WUE, which was 
different than cs.fp, hw.fp, and sb.fp biochar treatments. No differences were found between the 
aged biochars and only fresh cs.fp had decreased WUE relative to its aged counterpart (Fig. 5). 
 For the sandy loam soil, no differences in WUE were found among the fresh biochars but 
among the aged biochars, cs.sp had higher WUE than the cs.fp, hw.fp, hw.sp, and sb.fp biochar 
treatments as well as its fresh counterpart (Fig. 5). Some improvement in WUE in the sandy 
loam soil is consistent with earlier studies that support increased WUE in maize, quinoa, and 
tomato crops after biochar application to sandy textured soils (Uzoma et al., 2011; Kammann et 
al., 2011; Akhtar et al., 2014). Although, the differences we observed were within the aged 
biochars and not fresh biochars. However, some drainage was observed from the sandy loam soil 
columns at the final watering event, which did not occur in the other two soils. Although unable 
to quantify the water lost through drainage, the impact on soil water storage may eliminate 
differences seen between biochar types within this soil. 
 Our findings with regards to WUE support the conclusions of Gray et al. (2014) that 
biochar type, which is influenced by feedstock and pyrolysis conditions in this study, must be 
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considered when producing biochars intended for applications related to water improvement. 
However, we also show that biochar age is an important variable. 
 
 
Fig. 3. Water retention curves for biochar age and control treatments within each soil type. Inset 
bar graphs are the calculated PAW (difference between -0.33 and -15 bars) separated by biochar 
age within each soil type. 
 
Maize Growth Response 
 The maximum maize growth stage reached was V5; however, only 45 out of 156 plants 
reached the V5 stage prior to death. Of these, 38 were from the clay loam soil, seven from the silt 
loam, and none from the sandy loam soil. The other 111 plants only reached the V4 growth stage 
prior to death. Final biomass weight was affected by biochar age and biochar type (Table 4). 
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Biomass weight increased with the addition of fresh biochar in the sandy loam soil and decreased 
in the clay loam soil relative to both the aged biochar and control treatments (Table 3). For the 
silt loam soil, fresh biochar increased biomass weight compared to the control but was 
unchanged relative to aged biochar. Biomass weight was unchanged with the addition of aged 
biochar relative to the soil control in the clay loam and sandy loam soils, but was increased in the 
silt loam soil. 
 
 
Fig. 4. Effect of biochar type and age on laboratory PAW within each soil. The fresh biochar 
bars that contain a star are different than their aged counterparts (P < 0.05).  
 
 When evaluated by biochar type (data not shown), in the silt loam soil cs.sp biochar 
produced the greatest biomass, which was higher than the hw.sp biochar and control treatments. 
Biomass for the sb.fp biochar treatment was also greater than the control. For the clay loam, 
hw.fp and sb.fp biochar treatments had lower biomass than the control. For the sandy loam soil, 
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cs.sp and sg.sp biochars had greater biomass weight than the control and the hw.fp, hw.sp, and 
sb.fp biochar treatments. 
 
 
Fig. 5. Effect of biochar type and age on WUE within each soil. For the fresh biochars, bars that 
contain a star are different than their aged counterparts (P < 0.05).  
 
 Final plant height was unaffected by biochar type and biochar age; only changing in 
response to soil type (Table 4). Plants were tallest in the clay loam and shortest in the sandy loam 
(data not shown). Other studies have reported that the addition of fresh gasification biochar to a 
sandy loam soil does not increase shoot growth (Hansen et al., 2016) and cowpea biomass is 
unaffected following the addition of a woody biochar when grown in a loamy sand soil under 
high water stress (Pudasaini et al., 2016). Maize growth responses measured here were highly 
variable and were predominantly controlled by soil type. 
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Conclusions 
 Biochar has been proposed as a means for positive, lasting improvements for soil water 
use efficiency and crop growth, however, the results of this study show this is not always true. 
Aged biochars did not have the same impact on soil-water relations as the equivalent fresh 
biochars. Results indicated that all laboratory aged biochars were more hydrophilic than their 
fresh counterparts and the relative degree of biochar hydrophobicity decreased further following 
a drying-wetting-drying treatment. Furthermore, we found significant interactions effects of soil 
type, biochar type, and biochar age on WUE and PAW. 
 Overall, the influence of fresh and aged biochars on the soil and plant properties 
measured in this study were highly variable and differed by biochar type; resulting in positive, 
negative, or neutral effects depending on soil type and the response variable being measured. 
Biochar has a potential role in the global effort to improve water management in rainfed 
agriculture, but biochar applications must be made strategically. Attention must be given to what 
biomass feedstock and what pyrolysis conditions are used to produce the biochar, and to what 
soil is the biochar being applied. Furthermore, our results indicate that results obtained with fresh 
biochars may not be predictive of long-term effects, because aged biochars may have different 
impacts on soil water relations than fresh biochars. More research is needed to determine 
whether results of this relatively short (30 day) greenhouse study are applicable over longer 
periods of time under field conditions. 
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CHAPTER 5. EVALUATING PEDOTRANSFER FUNCTIONS AND APSIM FOR 
ESTIMATING BIOCHAR IMPACTS ON SOIL WATER 
 
Modified from a manuscript to be submitted to Agronomy Journal 
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Abstract 
 Accurate estimates of soil water parameters are needed for reliable yield predictions from 
agricultural crop models. Biochar, a soil amendment, is known to affect soil physical properties 
such as bulk density and soil water retention. A biochar model was recently developed for the 
Agricultural Production Systems sIMulator (APSIM) cropping systems model to predict the 
impacts of biochar on agroecosystems. A modified version of the Saxton and Rawls pedotransfer 
functions, which include quality modifiers that account for different biochar types, is currently 
used in the APSIM biochar model to estimate soil water parameters. However, these equations 
were developed after conducting a literature review and were never tested and validated using 
experimental data. The objectives of this study were, 1) to compare and evaluate multiple 
pedotransfer functions for estimating soil water and physical parameters for topsoils with and 
without biochar and for subsoils without biochar, and 2) to calibrate APSIM biochar parameters 
and improve accuracy of simulated biochar impacts on soil water property estimates. Forty-eight 
1.2 m soil cores were collected from five different soil associations in Iowa. Each core was 
sectioned into five depth increments and analyzed for organic matter content, texture, and water 
retention parameters. For topsoils without biochar, the Saxton and Rawls equations were most 
robust in their estimates of saturation point and drained upper limit, and the Web Soil Survey 
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database for estimating the lower limit, bulk density, and plant available water. For topsoils with 
biochar, the Web Soil Survey database was most robust for estimating all soil water and physical 
parameters but was not necessarily the most accurate compared to the other soil water equations. 
Model performance for subsoils was more variable. During biochar model calibration we found 
that the quality modifiers are site-specific and local calibration is required to accurately predict 
the impacts of biochar on soil water parameters. 
 
Keywords: APSIM, crop models, biochar, soil organic matter, soil texture, pedotransfer 
functions 
 
Abbreviations: APSIM, Agricultural Production Systems sIMulator; BD, bulk density; C, 
carbon; CC, continuous maize; CS, maize-soybean rotation; DUL, drainage upper limit; LL, 
drainage lower limit; OM, organic matter; PTFs, pedotransfer functions; SAT, saturation point; 
SOC, soil organic carbon; SWP, soil water parameters; WSS, Web Soil Survey 
 
 
Introduction 
 Sophisticated cropping systems models are being increasingly used to investigate 
complex soil-crop-climate interactions (Jones et al., 2017b; Dietzel et al., 2016). Pedotransfer 
functions (PTFs) are critical in allowing deployment of such models across regions by relating 
soil properties such as soil organic matter (SOM) and texture to soil water parameters (SWP), 
which are necessary for modeling (e.g. Schauberger et al., 2017). However, collecting data on 
SWP in the field is difficult, time intensive, and costly (Dalgliesh and Foale, 1998; Wösten et al., 
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2001), thus due to ease and lower costs most soil water measurements are taken in the laboratory 
and correlated with field estimates (Nemes et al., 2011).  
 Reliable crop model predictions are dependent on accurate estimates of SWP. However, 
SWP estimates such as drained upper limit (DUL) are not consistent among different PTFs 
(Twarakavi et al., 2009; Nemes et al., 2011). Discrepancies in estimates of SWP between studies 
and PTFs occur because values are determined using a single matric potential, which may be 
insufficient for accurately predicting SWP due to differences in soil properties such as texture, 
bulk density (BD), and salinity (Gijsman et al., 2003). Gijsman et al. (2003) found errors and 
inconsistencies in SWP estimated using eight different PTFs. Further, other studies have 
attempted to generate correction factors for previously estimated DUL values to improve their 
accuracy (Nemes et al., 2011). Recently, Palmer et al. (2017) developed an ‘ensemble PTF’ to 
estimate DUL and the lower limit (LL) by using the arithmetic mean of estimates from several 
established PTFs. This was done because different PTFs were developed using different 
methodologies and datasets from a range of environments. Thus, the ensemble equations take 
into account soil textural class when estimating SWP at different matric potentials (Palmer et al., 
2017).  
 In addition to the method selected to estimate SWP, the soil properties included in PTFs 
are important. For example, the effect of soil texture on soil water retention has been known and 
considered to be an important parameter in models since the early 1900’s (Briggs and Shantz, 
1912). However, not until more recently was SOM included as an input parameter in models 
(Gupta and Larson, 1979; Rawls et al., 1982) and its impact on soil water retention fully 
appreciated (Hudson, 1994). As a result, early modeling work emphasized the effects of soil 
texture on soil water retention but largely ignored or downplayed SOM impacts on SWP 
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estimates (Olness and Archer, 2005). Now the importance of SOM on SWP is widely 
recognized, however, the accuracy of PTFs that use both SOM and texture as inputs for 
estimating SWP are still being investigated. Moreover, estimates of DUL and LL from some 
models (e.g., APSIM and Daycent) remain constant over time because they are not linked to 
changes in SOM. It is critical that models take into account the impacts of SOM on SWP 
estimates and consider management practices, such as biochar amendments, that may impact 
SOM and SWP.  
 Biochar, the solid co-product of biomass pyrolysis, is intended for soil application to 
improve soil quality while sequestering carbon (Lehmann et al., 2006; Laird, 2008; Woolf et al., 
2010; Laird et al., 2017). Biochar is physically and chemically a very diverse material. It is 
inherently different from other forms of SOM because it may be stable in soils for hundreds to 
thousands of years (Lehmann et al., 2009). Biochars generally have high porosity and large 
surface areas, which affect soil water and physical properties including BD, hydraulic 
conductivity, pore size distribution, and water retention (Gaskin et al., 2007; Atkinson et al., 
2010; Zwieten et al., 2012; Basso et al., 2013; Akhtar et al., 2014; Hardie et al., 2014). These 
properties, however, may change as biochars weather or age in soils, hence the potential impacts 
of biochar on soil properties and crop yields are uncertain and changing (Cheng and Lehmann, 
2009; Tammeorg et al., 2016; Mia et al., 2017). Biochars impact on agronomic and 
environmental systems further depends on: rate of application, biomass feedstock, and pyrolysis 
conditions (Verheijen et al., 2010; Ippolito et al., 2012). A recently developed biochar model 
(Archontoulis et al., 2016) within the Agricultural Production Systems sIMulator (APSIM) 
cropping systems model (Holzworth et al., 2014), for the first time integrates these complex 
variables to provide a systems level understanding of biochars impact on agro-environmental 
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systems, including biochar effects on SWP. However, as with all models, the biochar model must 
be properly calibrated and validated before widespread use in diverse environments.  
 During APSIM biochar model development the PTFs of Saxton and Rawls (2006) were 
selected for use because both soil texture and SOM information were considered and the PTFs 
were developed using multiple datasets (USDA/NRCS National Soil Characterization database 
(Soil Survey Staff, 2004)). Archontoulis et al. (2016) modified the Saxton and Rawls (2006) soil 
water equations to predict the rate of change in DUL and LL over time. Moreover, they 
estimated the rate of change in BD and saturation point (SAT) by combining the Saxton and 
Rawls (2006) PTFs with an equation developed by Andales et al. (2000), which accounts for 
tillage and precipitation effects on BD. These modified rate equations were coupled with a set of 
quality modifiers to account for different biochar types (Archontoulis et al., 2016).  
 Model predictions using the modified rate PTFs were found reasonable based on a 
qualitative assessment of the biochar literature, i.e., biochar additions have a larger effect on low 
OM soils compared to high OM soils and different types of biochar have larger or smaller effects 
on soil hydrology (Laird et al., 2010; Liu et al., 2012; Basso et al., 2013; Cornelissen et al., 2013; 
Herath et al., 2013; Gai et al., 2014; Lim et al., 2016). However, model simulations of biochar 
impacts on SWP were never tested using experimental data and the accuracy of the PTFs used 
for estimating SWP across a range of soil types was never quantified. Additionally, the quality 
modifiers and their initial values were selected based on the literature available during model 
development but were also never tested against experimental measurements. Finally, the PTFs of 
Saxton and Rawls (2006) and others were not developed using nor tested in biochar amended 
soils, thus do not take into account the inherent differences between biochar and biogenic SOM. 
Consequently, the validity of the soil water equations of Saxton and Rawls (2006) and other 
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PTFs (Gijsman et al., 2003: Palmer et al., 2017) for soils amended with biochar is unknown. This 
study aims to fill these knowledge gaps because accurate estimates of SWP for biochar amended 
soils are needed to improve overall model predictions of biochar impacts on agro-ecosystem 
functions. 
 Our specific objectives were to 1) compare and evaluate the prediction accuracy of 
different PTFs for estimating SWP of topsoils with and without biochar (N = 146) and subsoils 
without biochar (N =80) from new experimental data, 2) quantify the accuracy of the APSIM 
biochar model before and after calibration for estimating biochar impacts on soil hydrology and 
determine whether generalized or site-specific parameter values are needed for modeling. We 
hypothesize that SWP estimates will differ for soils with and without biochar because biochar is 
qualitatively different than biogenic SOM. We further hypothesize that model performance will 
improve after making site-specific adjustments to the biochar quality modifiers. 
 
Materials and Methods 
Soil Sample Collection 
 In fall 2015, 40 soil cores were collected from ten different field sites located in five 
different soil association regions of Iowa (Fig. 1). An additional eight soil cores were collected in 
summer 2016. All cores were collected using a hydraulic probe to a depth of 1.2 m (Giddings 
Machine Co., Windsor, Co, USA) and were refrigerated until analyzed. Collected samples 
differed by soil series, the presence or absence of biochar, biochar application rate, and biochar 
age (i.e. time since application). Site management varied little between locations (Fig. 1). 
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Site Latitude, Longitude Cropping system* Dominant soil series  
Boone 42.02, -93.77 CC Clarion 
Bruner  42.00, -93.73 CC Nicollet 
Boyd  42.00, -93.79 CC Clarion 
Lewis 41.31, -95.17 CC Exira 
Sorenson 42.00, -93.74 CC and CS and 
C-C-C/SG-SG-SG-SG 
Webster and Clarion 
Cobs 41.91, -93.75 CS Nicollet and Webster 
Armstrong 41.18, -95.10 CS Marshall 
Nashua 42.93, -92.57 CS Readlyn and Kenyon 
Crawfordsville 41.19, -91.48 CS Kalona 
Sutherland 42.92, -95.54 CS Marcus and Sac 
* CC- continuous maize, CS- maize soybean rotation, SG- switchgrass 
Fig. 1. Geographic location of the ten sampling sites used in this study. Different background 
colors indicate major soil associations of Iowa. Red circles indicate sites with and without 
biochar applications. Blue circles indicate sites with no biochar applications.  
 
Database Development and Laboratory Analyses 
 The 48 soil cores were sectioned into five depth increments (0-5, 5-15, 15-30, 30-50, 50-
90 cm) generating a total of 226 samples
1
. A subsample of intact soil was collected from each 
depth increment using a metal ring with dimensions 3.8 cm high and 5.3 cm in diameter. The 
                                                 
1
 subsoil data from seven cores was not collected 
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total number of samples representing soil from the top three depth increments (topsoil), was N = 
146 soil rings (85 with biochar and 61 without biochar). Subsoil samples were collected from the 
>30-90 cm depth increments and contained no biochar (N = 80). The soil samples were 
texturally diverse, ranging from sandy loam to silty clay loam (Fig. 2).  
 All soil samples were analyzed for saturation point, water retention at -0.33, -1, -3, -5, -
15 bar, bulk density (g cm
-3
), texture, and SOM content. The intact soil core subsamples were 
saturated from the bottom up with a 0.005 M CaCl2 solution for 24 h and then weighed to 
determine the wet weight of the sample at the saturation point. The pressure plate method was 
then used to determine water held at matric potentials of -0.33, -1, -3, -5, and -15 bar (Klute, 
1986) using a Ceramic Plate Extractor (Soil Moisture Equipment Corp., Santa Barbara, CA, 
USA). The -0.33 and -1 bar measurements were conducted using the intact soil cores.  The cores 
were placed on ceramic plates inside the pressure chamber. Pressure inside the chamber was held 
constant until water stopped draining, at which time the samples were weighed. Following data 
collection for water retained at -1 bar, a subsample of the core soil was weighed, dried overnight 
at 105 °C and weighed again.  The oven dry weights were used to determine bulk density and 
moisture content at saturation, -0.33 bar, and -1 bar. The remainder of the soil core subsample 
was sieved to <2 mm, repacked into 1 cm high by 3 cm diameter rubber rings, saturated as 
previously described, and analyzed for water held at matric potentials of -3, -5, and -15 bar. After 
samples had reached equilibrium and been weighed at each of these matric potentials, the 
samples were dried overnight at 105 °C and reweighed. Plant available water content (PAW) was 
determined by the difference in volumetric water content between -0.33 (DUL) and -15 bar (LL) 
moisture content.  
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 Organic matter content was determined for each soil using the Loss on Ignition method 
(Nelson and Sommers, 1996). A 2-3 g soil sample (sieved <2 mm) was initially weighed into a 
pre-weighed ceramic crucible, oven dried at 105 °C overnight, and reweighed. Samples were 
subsequently placed in a muffle furnace (Thermo Scientific Lindberg/Blue M Box Furnace 
BF51894C-1) set to 400 °C for 12 h. Samples were removed from the furnace after 12 h, cooled 
in a desiccator, and weighed again. Percent OM was determined as the difference in sample 
weight determined after the 105 °C treatment and sample weight determined after the 400 °C 
treatment divided by the 105 °C sample weight multiplied by 100. Percent organic carbon (OC) 
in the soil samples was estimated by dividing %OM values by 1.72, a widely used conversion 
factor (Nelson and Sommers, 1982). 
 Particle size analysis was determined with the hydrometer method (Gee and Bauder, 
1986). Approximately 20 g of air-dry soil (sieved <2 mm) was weighed into 600 mL plastic 
beakers, 250 mL distilled water and 50 mL of 5% sodium-hexametaphosphate solution were 
added to each beaker and left to soak overnight. Subsequently, a sonicator (model no. FB505 
Fischer Scientific) was used to disperse soil particles. Each sample was sonicated with the probe 
tip at 2.5 cm below the water’s surface for two minutes at an amplitude of 50% and pulse 
duration of 59 seconds with a one second rest between pulses. After sonication samples were 
quantitatively transferred to 1000 mL graduated cylinders and made up to volume with distilled 
water. Samples were agitated by means of a rubber stopper fixed to the end of a pole for 30 s 
immediately prior to the analysis (to set time zero). Hydrometer readings were taken after 30 s, 
60 s, 90 mins, and 24 h. Temperature of the blank suspension was measured at the same time 
intervals as the hydrometer readings. All reported values were corrected against a blank 
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suspension of 50 mL of 5% sodium-hexametaphosphate solution and distilled water made up to 
1000 mL as well as the measured moisture content of each soil sample. 
 
 
Fig. 2. Textural distribution of all 226 soil samples collected from the nine field sites. Blue 
circles indicate soils without biochar (N = 61) and red circles indicate soils with biochar (N = 85) 
from the topsoil (0-5, 5-15, and 15-30 cm depth increments). Green circles indicate subsoil 
samples (N = 80) that contain no biochar (30-50 and 50-90 cm depth increments). 
 
Pedotransfer Function Evaluation 
 The soil water and physical parameters estimated using PTFs developed by Gijsman et al. 
(2003), Saxton and Rawls (2006), and Palmer et al. (2017), and parameters for the corresponding 
soil series, obtained from the Web Soil Survey (WSS) database, were compared with laboratory 
measured soil water and physical parameters to assess the accuracy of the PTFs and their 
applicability for estimating parameters of biochar amended soils. The equations and details of the 
PTFs evaluated are provided in the supplemental materials (Table S1). We evaluated estimates of 
bulk density (BD), drained upper limit (DUL), lower limit (LL), saturation point (SAT), and 
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plant available water  (PAW). Because the WSS database does not include values for SAT, we 
estimated SAT from the WSS BD values using equation (1) below. 
 
 𝑆𝐴𝑇 = 1 −
𝐵𝐷
2.65
        Eq. (1) 
 
Model Set-up, Description, and Calibration 
 We used APSIM version 7.9 (Holzworth et al., 2014) and plugged in the following 
models: maize and soybean crop models (Keating et al., 2003), Soil N (soil N and C cycling 
model with the default soil temperature model; Probert et al., 1998), SoilWat (a tipping bucket 
soil water model; Probert et al., 1998); SURFACEOM (a crop residue model; Probert et al., 
1998; Thorburn et al., 2001, 2005); the biochar model (Archontoulis et al., 2016), and the 
following management activities: planting, harvesting, tillage, fertilizer (Keating et al., 2003).   
 Meteorological data for each site came from the Iowa Environmental Mesonet (2017). 
Data collected from each soil depth increment were used to create soil profiles for each site in 
APSIM similar to Archontoulis et al. (2014a). The multiple PTFs were evaluated separately for 
topsoils (0-30 cm) with and without biochar and subsoils (>30-90 cm). Only the topsoils were 
used during biochar model calibration because 30 cm represents the maximum depth of biochar 
incorporation at any site. Initial SOM profile values were adjusted slightly if necessary at the 
start of the simulation (2005) to match the 2016 measured SOM values. Additional soil 
parameters required to run the model, such as evaporation, runoff, and drainage parameters were 
calculated as described by Archontoulis et al. (2014a). Other inputs included measured data and 
default parameter values for: BD, DUL, LL, SAT, texture and % OC. All simulations were run 
from 2005 to 2016 using local cultivars and known management (Archontoulis et al., 2014 a, b; 
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Archontoulis and Licht, 2016; Basche et al., 2016; Dietzel et al., 2016; Martinez-Feria et al., 
2016; Puntel et al., 2016).  
 The APSIM biochar model uses the following set of equations to relate changes in 
biochar and soil organic carbon (SOC) to changes in hydrological parameters on a daily basis 
(Archontoulis et al., 2016): 
 
∆𝐷𝑈𝐿 =  𝑄𝐷𝑈𝐿 × (0.0261 + 0.0072 × 𝑠𝑎𝑛𝑑 − 0.0561 × 𝑐𝑙𝑎𝑦) ×  ∆𝑆𝑂𝐶 Eq. (2) 
∆𝐵𝐷 =  𝑄𝐵𝐷 × (−0.2332 + 0.115 × 𝑠𝑎𝑛𝑑 + 0.35 × 𝑐𝑙𝑎𝑦) ×  ∆𝑆𝑂𝐶  Eq. (3) 
∆𝐿𝐿 =  𝑄𝐿𝐿 × (0.0118 +  0.0098 × 𝑠𝑎𝑛𝑑 − 0.0255 × 𝑐𝑙𝑎𝑦) × ∆𝑆𝑂𝐶  Eq. (4) 
 
where ∆DUL is the daily rate of change in the DUL, ∆BD is the daily rate of change in BD, ∆LL 
is the daily rate of change in the LL, ∆SOC is the daily rate of change in SOC (∆SOC also 
includes biochar C), and sand and clay are the percent sand and percent clay, respectively.  
Equations 2-4 were derived from the Saxton and Rawls (2006) equations. The QDUL, QBD, and 
QLL are empirical modifiers (Equations 5-7 and Fig. 3) incorporated into the biochar model to 
account for different biochar types: 
 
𝑄𝐷𝑈𝐿 = 𝛼 ∗ 𝑒
(−𝐾𝐷𝑈𝐿×𝑆𝑂𝐶)        Eq. (5) 
𝑄𝐵𝐷 = 𝛼 ∗ 𝑒
(−𝐾𝐵𝐷×𝑆𝑂𝐶)        Eq. (6) 
𝑄𝐿𝐿 =  𝑒
(−𝐾𝐿𝐿×𝑆𝑂𝐶)         Eq. (7) 
 
where KDUL, KBD, and KLL are empirical slope coefficients and α is a constant value (default of 
1.3067). When KLL, KDUL, and KBD are set to 1, 0, and 0, respectively, the biochar quality 
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modifiers are cancelled, and equations 2-4 default to the original Saxton and Rawls (2006) 
equations. 
 A graphic illustrating the effect of SOC on the biochar quality DUL modifier is provided 
below (Fig. 3).   
 
 
Fig. 3. Impact of SOC and the intercept (α) and slope (KDUL) values in the biochar quality DUL 
modifier equation on QDUL values. 
 
 The daily rate of change in BD is influenced by a second equation that accounts for 
tillage effects (equation 14 in Archontoulis et al., 2016) and the new ∆BD value is the minimum 
of the calculated effect of biochar on BD and the effect of tillage on BD. In the default APSIM 
7.9 version of the biochar model, biochar impacts on DUL and BD (and therefore SAT) are 
considered, while biochar effects on LL were set to zero because of inconsistent findings for 
biochars effect on LL in the literature during model development (Brockhoff et al., 2010; Laird 
et al., 2010; Liu et al., 2012; Basso et al., 2013; Cornelissen et al., 2013; Herath et al., 2013; 
Archontoulis et al., 2016). 
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 During model set-up for the plots with biochar (Fig. 1), we incorporated site specific 
variables such as date of biochar application, amount of biochar applied, depth of biochar 
incorporation, fraction of C in biochar, biochar C:N ratio, and soil sand and clay contents into the 
model (Table S2). Biochar parameter values such as priming effects, KDUL, decomposition rates, 
etc. were left at the default values determined by Archontoulis et al. (2016). During model 
calibration adjustments were made to the following variables to improve model performance: 
biochar fraction lost at time of application (ƒloss), KDUL, KBD, and the intercept parameter α in 
both the QDUL and QBD equations. 
 
Statistical Analysis 
 The goodness of fit between measured and estimated values were assessed by calculating 
the root mean square error (RMSE) and mean absolute error (MAE) as defined in Archontoulis 
and Miguez (2015). We also used the slope and R
2
 values for measured versus predicted fitted 
regression equations (intercept forced to zero; y = slope*X) as additional measures of model 
performance. An analysis of covariance (ANCOVA) was performed in R (version 3.3.1) to 
compare regression line parameter values (slope and intercept) used to evaluate the relationship 
between PAW and SOM from measured and predicted data. Statistical significance was assessed 
at the 5% alpha level. Performance of both the uncalibrated and calibrated APSIM biochar model 
and the original Saxton and Rawls (2006) equations were evaluated by calculating the RMSE, 
relative root mean square error (RRMSE), and modeling efficiency (ME). We used the rating 
scale described by Ma et al. (2011) for agricultural models, which rates model performance as 
very good, good, and satisfactory when the RRMSE <10%, 10-15%, and 15-20%, respectively. 
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Modeling efficiency assesses predictive capacity on a scale of <0 to 1, higher ME values are 
better. 
 
Results 
Pedotransfer Function Evaluation for Topsoils with and without Biochar 
 Soil water and physical parameters (SAT, DUL, LL, BD, and PAW) from the WSS 
database and as predicted using multiple PTFs were compared with measured parameters for 
topsoils with and without biochar. For topsoils without biochar, all of the studied methods for 
estimating soil water and physical parameters yielded results in general agreement with the 
measured values, except for estimates of LL using the PTF of Gijsman et al. (2003), which 
performed significantly different and worse than the other methods (Table 1). Specifically, based 
on model robustness (slope) the PTFs of Saxton and Rawls (2006) provided the best estimates 
for SAT, and DUL, while the WSS database provided the best estimates of LL, BD, and PAW 
relative to the measured data. In terms of model error (RMSE and MAE) the Saxton and Rawls 
(2006) PTFs had the lowest error for all SWP estimates except for PAW which was best 
estimated by the WSS database. Results differed for soils with biochar (Table 1). WSS yielded 
the most accurate estimates for all SWP based on model robustness, but only had the lowest 
modeling error for estimates of SAT, DUL, and PAW. The PTFs of Saxton and Rawls (2006) 
resulted in less error for estimates of LL and BD (Table 1). 
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 The efficacy of the Saxton and Rawls (2006) PTFs as currently used in the APSIM 
biochar model 7.9 is illustrated in Figure 4 for all 0-30 cm soil samples. The performance of the 
other PTFs and the WSS database are presented in the supplemental materials (Figs. S1-S3). On 
average, the Saxton and Rawls (2006) PTFs underestimated all soil water and physical 
parameters compared to the measured values (slopes in Figure 4). The greatest agreement 
between measured and predicted values were for estimates of LL and BD. Underestimation of 
DUL caused a substantial underestimation of PAW, which is calculated as the difference 
between DUL and LL (Fig. 4). The slopes of the measured versus predicted PAW regression 
lines are 0.8194 and 0.7047 for the no-biochar and biochar soils, respectively. This suggests that 
Table 1. Performance of the Web Soil Survey (WSS) database and established PTFs of Saxton and 
Rawls (2006) (S&R), Gijsman et al. (2003)
*
 (Gijsman), and Palmer et al. (2017)† (Palmer) for 
estimating soil water and physical parameters for soils with and without biochar between 0-30 cm 
depth. The slope was determined from a y=a*x regression with the intercept forced to zero, RMSE 
has units mm mm
-1
 for SAT, DUL, LL, PAW and g cm
-3
 for BD, and MAE is unitless.   
 Soils WITHOUT biochar 
Parameter Slope RMSE MAE 
 WSS S&R Gijsman Palmer WSS S&R Gijsman Palmer WSS S&R Gijsman Palmer 
SAT 0.854 0.867 0.815 0.815 0.107 0.089 0.118 0.118 0.088 0.078 0.112 0.112 
DUL 0.850 0.895 1.123 0.763 0.069 0.057 0.069 0.100 0.056 0.047 0.058 0.088 
LL 1.00 0.955 19.771 0.753 0.042 0.028 3.549 0.061 0.032 0.022 3.549 0.051 
BD 0.985 0.979 1.566 0.814 0.193 0.097 0.748 0.264 0.156 0.079 0.739 0.227 
PAW 1.105 0.819 0.603 0.764 0.042 0.044 0.074 0.052 0.034 0.037 0.068 0.043 
 Soils WITH biochar 
SAT 0.879 0.846 0.831 0.831 0.085 0.099 0.108 0.108 0.072 0.089 0.098 0.098 
DUL 0.899 0.843 1.257 0.685 0.053 0.061 0.096 0.109 0.043 0.051 0.088 0.102 
LL 0.986 0.975 23.504 0.631 0.023 0.020 3.554 0.066 0.019 0.015 3.554 0.060 
BD 0.986 1.032 1.578 0.815 0.121 0.089 0.757 0.253 0.099 0.072 0.751 0.230 
PAW 1.202 0.705 0.637 0.727 0.052 0.056 0.065 0.053 0.045 0.049 0.057 0.045 
* Gijsman et al. (2003) adapted the PTFs to estimate SAT and LL from Rawls et al., (2003) and Ritchie et 
al., (1986), respectively. 
† Palmer et al. (2017) adapted the PTFs to estimates BD and SAT from Adams (1973) and Dalgliesh and 
Foale (1998), respectively. 
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the PTFs (without any quality modifiers) are underestimating PAW by 18 and 30% for the no-
biochar and biochar soils, respectively. 
 
 
Fig. 4. Measured versus predicted soil water and physical parameter values estimated using the 
Saxton and Rawls (2006) PTFs for topsoils with biochar (N=85) and without biochar (N=61). 
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 The relationship between measured SOM and measured PAW is shown in Figure 5. The 
rate of increase (see slopes in Fig. 5) for soils with and without biochar, which is the foundation 
in the current APSIM biochar model, were similar. The predicted SOM vs. PAW relationship 
from the Saxton and Rawls (2006) PTFs had slopes of 0.0141 for the soils with biochar and 
0.0125 for the soils without biochar (data not shown). The Saxton and Rawls (2006) PTFs 
underestimated PAW for a given SOM content for both soils with and without biochar compared 
to measured data. However, the similarity between the slopes suggests that the equations 
correctly predict the relationship between these two variables. Furthermore, no significant 
differences were found between the slopes of the PAW vs SOM relationship for measured (P = 
0.427) and predicted (P = 0.596) data for both the biochar and no-biochar soils (data not shown). 
However, a significant difference was found between the intercept values for the PAW vs SOM 
relationship for the soils with and without biochar in both the measured (P = 0.04) and predicted 
(P < 0.0001) data. The similarity between the slope values for the measured data, predicted data, 
and after comparing the measured and predicted data for both biochar and no-biochar soils 
indicates that no differences exist in the rate of change between biochar C and biogenic OM in 
these soils when estimating PAW using the Saxton and Rawls (2006) PTFs. However, the 
differences between intercept values indicate that differences exist in the magnitude of change in 
PAW estimates for a given SOM content for soils with and without biochar, confirming that the 
Saxton and Rawls (2006) PTFs underestimate PAW compared to measured values. Thus, we 
further evaluated the impacts biochar has on SWP estimates using the modified Saxton and 
Rawls (2006) PTFs in the APSIM biochar model. 
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Fig. 5. Measured estimates illustrating the relationship between plant available water and soil 
organic matter for topsoils with biochar (N = 85) and without biochar (N = 61). 
 
 
Pedotransfer Function Evaluation for Subsoils without Biochar 
 Similar to the results for topsoils with and without biochar, all of the PTFs evaluated 
yielded results in general agreement with the measured values for subsoils, except for the 
estimate of LL using the PTF of Gijsman et al. (2003), which again performed poorly compared 
to the other methods (Table 2). Specifically, based on model robustness and error, the PTFs of 
Gijsman et al. (2003) and Palmer et al. (2017) performed equally well for estimating SAT, the 
PTFs of Saxton and Rawls (2006) provided the best estimates for DUL and LL, and the WSS 
database was best for estimating PAW relative to the measured data. For estimates of BD, the 
WSS database was most robust, but the Saxton and Rawls (2006) PTFs had less error (Table 2). 
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 The performance of the Saxton and Rawls (2006) PTFs for estimating soil water and 
physical parameters in subsoils and the relationship between SOM and PAW from both 
measured and predicted estimates are illustrated in Figures 6 and 7, respectively. The 
performance of the other PTFs and the WSS database are presented in the supplemental materials 
(Figs. S4-S6). 
 The Saxton and Rawls (2006) PTFs performed quite well for estimating DUL, LL, and 
BD but underestimated SAT and PAW in these subsoils (Fig. 6). Similar to the results found for 
the topsoils with and without biochar, the Saxton and Rawls (2006) PTFs underestimated PAW 
for a given SOM content in subsoils compared to measured data (Fig. 7). The difference between 
measured and predicted estimates in describing the relationship between SOM and PAW was 
significant (P = 0.02). Specifically, both the rate of change (P = 0.02) and the magnitude of the 
difference (P = <0.0001) were different between measured and predicted estimates. This 
indicates that the Saxton and Rawls (2006) PTFs are underestimating PAW for a given SOM 
Table 2. Performance of the Web Soil Survey (WSS) database and established PTFs of Saxton and 
Rawls (2006) (S&R), Gijsman et al. (2003)
*
 (Gijsman), and Palmer et al. (2017)† (Palmer) for 
estimating soil water and physical parameters for subsoils >30-90 cm depth. The slope was 
determined from a y=a*x regression with the intercept forced to zero, RMSE has units mm mm
-1
 
for SAT, DUL, LL, PAW and g cm
-3
 for BD, and MAE is unitless.   
Parameter Slope RMSE MAE 
 WSS S&R Gijsman Palmer WSS S&R Gijsman Palmer WSS S&R Gijsman Palmer 
SAT 0.795 0.788 0.817 0.817 0.130 0.132 0.120 0.120 0.118 0.122 0.106 0.106 
DUL 0.892 0.909 1.099 0.673 0.046 0.044 0.052 0.112 0.039 0.024 0.044 0.105 
LL 0.957 1.064 23.59 0.731 0.029 0.025 3.577 0.051 0.023 0.016 3.577 0.043 
BD 1.067 1.079 1.544 0.817 0.160 0.140 0.739 0.268 0.130 0.091 0.729 0.239 
PAW 1.082 0.744 0.651 0.608 0.032 0.049 0.060 0.069 0.027 0.032 0.055 0.063 
* Gijsman et al. (2003) adapted the PTFs to estimate SAT and LL from Rawls et al., (2003) and Ritchie et 
al., (1986), respectively. 
† Palmer et al. (2017) adapted the PTFs to estimates BD and SAT from Adams (1973) and Dalgliesh and 
Foale (1998), respectively. 
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content and are not accurately depicting the relationship between PAW and SOM in the subsoils 
analyzed. 
 
 
Fig. 6. Measured versus predicted soil water and physical parameter values estimated using the 
Saxton and Rawls (2006) PTFs for subsoils (N = 80).  
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Fig. 7. Measured and predicted estimates of the relationship between plant available water and 
soil organic matter for subsoils (N = 80). 
 
 
APSIM Biochar Model Calibration   
 Changes to the DUL and BD quality modifiers (i.e. the intercept and slope parameters 
within the QDUL and QBD equations) were determined to be site specific as different values led to 
improved model performance at different sites (Table 3; Fig 1). For example, at the Sorenson site 
the intercept values for DUL and BD were increased to 3.23 and 2.55, respectively, from the 
default value of 1.3 because the uncalibrated model underestimated biochars impact on these 
SWP. By increasing the intercept value, the initial estimates of DUL and BD were in better 
agreement with the measured values. Further, the values for the slope parameters, KDUL and KBD, 
were decreased from the default value of 0.33 to 0.1 and 0.05, respectively, so that the rate of 
change in the final estimates of DUL and BD were smaller (Table 3). Different values for the 
slope and intercept in the DUL and BD quality modifiers were needed for the Boone site than for 
the Sorenson site. For the Boone site, the default value was used for the intercept value and the 
slope values were increased to 1 for both DUL and BD (Table 3). 
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Table 3. Properties of the biochars applied at the field sites, input biochar parameter values used 
during model set-up and calibration, and calibrated parameter values. 
Parameter 
Value 
(Boone) 
Value 
(Bruner) 
Value 
(Boyd) 
Value 
(Lewis) 
Value 
(Sorenson) 
Biochar properties      
Source 
Royal Oak 
Charcoal 
Royal Oak 
Charcoal 
ICM, Inc. ICM, Inc. Royal Oak 
Charcoal 
Biomass feedstock hardwood hardwood hardwood hardwood hardwood 
Pyrolysis technique SP* SP gasification gasification SP 
Pyrolysis temperature (°C) 600-650 600-650 500-575 550-650 600-650 
      
Input biochar parameters      
Date of biochar application (mm/dd/yyyy) 10/15/2013 10/15/2013 10/15/2010 10/01/2009 05/14/2012 
Amount of biochar applied (Mg ha
-1
) 0 - 90 0 - 90 0 - 112 0 – 9.3 0 - 22 
Biochar incorporation depth (mm) 152 152 290 150 200 
Sand  0.47 0.54 0.58 0.17 0.46 
Clay  0.25 0.21 0.19 0.27 0.24 
    b    d           †      
Intercept DUL (α in QDUL) 1.3067 1.3067 1.3067 4.134 3.2298 
Intercept BD (α in QBD) 1.3067 1.3067 1.4067 3.421 2.5456 
Slope of DUL (KDUL) 1 0 0.33 0.12 0.1 
Slope of BD (KBD) 1 0.05 0 0.04 0.05 
*SP- slow pyrolysis 
† Default parameters settings:  Intercept DUL and BD = 1.3067, Slope of DUL (KDUL) and BD 
(KBD) = 0.33.  
 
 Biochar application rate impacted both the measured and predicted soil water and 
physical parameters (Fig. 8). The measured data showed greater variability in SWP than the 
predicted data in response to biochar application rate. This is because the measured data are 
influenced by complex interactions related to soil spatial variability that are not accounted for in 
the model. More specifically, model estimates of SAT, DUL, PAW, and OC systematically 
increase and BD estimates systematically decrease as biochar application rate increases, 
measured parameters follow the same general trends but show much more variability (Fig. 8). 
Further, the model predicted no change in LL due to biochar additions because the QLL in the 
biochar model has been set to one, as previously discussed. However, measured data indicate 
that biochar does affect LL with 4 of 5 sites showing an increasing trend in LL with increasing 
biochar application rate (Fig. 8). Specifically, at the highest biochar application rate at each site 
LL increased at the Boone, Bruner, Sorenson, and Lewis sites by 18 %, 6.5 %, 2.3 %, and 13.5 
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%, respectively, relative to the no biochar control. While LL decreased at all biochar application 
rates compared to the no biochar control at the Boyd site (Fig. 8).  
 
 
Fig. 8. APSIM biochar model predictions versus measurements of DUL, LL, PAW, SAT, BD, 
and OC. Bars represent the simulated data and points are the measured values with standard 
deviation bars. 
 
 For sites where variable impacts of biochar were observed (i.e. not biochar rate 
dependent) the intercept 1.3067 was not changed and only the slopes, KDUL and KBD, were 
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adjusted to make subtle improvements in model performance. For example, at the Boone site 
(Fig. 1), the measured biochar impacts were opposite of the model predictions, we therefore set 
KDUL and KBD to one to minimize the predicted biochar impact (Table 3). Where uncalibrated 
model estimates were very low we increased the DUL and BD intercept values (i.e. Lewis and 
Sorenson sites) to increase initial soil water estimates for a given SOC content and then 
decreased the K value so the rate of change with increasing SOC was minimized. This 
adjustment led to improved model performance (Fig. 8).  
 Additionally, during calibration we found that tradeoffs exist in model estimates because 
the variables that influence soil water are linked. For example, when the default intercept value 
of 1.3067 for QBD was increased the relative magnitude of the resulting decrease in BD was 
much larger than the increase in SAT; however to optimize model performance we needed a 
larger increase in predicted SAT than BD. For the final calibration we tried to balance opposing 
impacts to obtain greatest model agreement.  
 Furthermore, the five biochar amended field sites had biochar of different ages (see ‘date 
of biochar application’ in Table 3). Thus, our results provide some indication of both short- and 
longer-term biochar impacts on SWP, which is important to consider in biochar studies. For 
example, six years after the application of biochar at the Boyd site, plots with the 22 Mg ha
-1
 and 
112 Mg ha
-1 
biochar application rates had 6 % and 23 % higher levels of SOC, relative to the 
controls, respectively (Table 3; Fig. 8). 
 For all soil water parameters the calibrated model had the smallest RMSE and RRMSE 
and highest ME compared to the uncalibrated model (Table 4). 
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Table 4. Performance of the uncalibrated (default settings of Archontoulis et al., 2016) and 
calibrated modified biochar rate PTFs (see parameter values in Table 2) 
 uncalibrated calibrated uncalibrated calibrated uncalibrated calibrated 
Parameter RMSE RRMSE ME 
SAT 0.028 0.025 4.642 4.183 0.476 0.575 
DUL 0.025 0.013 7.670 4.087 0.565 0.877 
LL 0.014 0.014 9.050 9.050 0.644 0.644 
BD 0.090 0.044 7.067 3.434 -0.351 0.681 
PAW 0.512 0.017 302.1 9.997 -816.6 0.105 
 
 
 
Discussion 
 This study brings a new soil database to the scientific literature that includes nearly 150 
samples from soils with and without biochar. It includes soils that vary widely in textural class 
(Fig. 2) and for the first time provides insight into how biochar amended soils, to a depth of 30 
cm, impact SWP as estimated by PTFs and how PTFs perform in top- and sub-soils. The soil 
samples were collected from five distinct soil associations and thus textural diversity was 
expected. Only one prior study has evaluated biochars impact on PTFs estimates on SWP using 
soils collected from the 0-5 cm depth interval (Lim et al., 2016). Additionally, the generated soils 
database can assist with subsequent studies comparing the performance of various PTFs for 
estimating SWP (e.g., the ensemble PTFs developed by Palmer et al. 2017). 
 In topsoils without biochar, the Saxton and Rawls (2006) PTFs were most robust in 
estimates of SAT and DUL, while the WSS database provided the best estimates of LL, BD, and 
PAW compared to the other PTFs examined. In topsoils with biochar, the soil parameters from 
the WSS database, when assessed by model robustness, provided the best estimates of biochar 
impacts on all soil water and physical parameters relative to the measured data (Table 1). The 
reason for WSS providing the majority of the best estimates for the SWP is not entirely known, 
but WSS generates SWP estimates based on numerous sampling points (and empirical 
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corrections) within a soil series and not just an individual data point, which includes a greater 
amount of soil variability possibly contributing to more accurate estimates. The Saxton and 
Rawls (2006) PTFs underestimated SWP in topsoils with and without biochar compared to 
measured data (Fig. 4). The underestimation of PAW is especially important because this may 
adversely affect the ability of the APSIM model to predict crop yields. However, as these PTFs 
are averages across many measurements variability is expected, so the slope values near one and 
the similar positive trend for both soils with and without biochar is encouraging. Also, 
underestimation by the Saxton and Rawls (2006) equations for SWP such as SAT is of little 
importance because the APSIM model estimates SAT via its calculation of BD, which was 
predicted very well for both soils with biochar (slope = 1) and without biochar (slope = 0.98). 
Furthermore, all of the methods evaluated were developed using data from topsoils (e.g. Saxton 
and Rawls (2006) used soils only from the A-horizon) but we assessed their applicability for 
estimating SWP in subsoils to a depth of 90 cm. In general the PTFs were less accurate in 
estimating SWP in subsoils as more uncertainty was introduced (Figs. 6 and S4-S6). 
 During model calibration we found that the quality modifiers in the biochar model soil 
water equations are site specific as intercept and slope values must be calibrated for an individual 
field to obtain the best model fit (Table 2). Use of default values can result in overestimation or 
underestimation of biochars’ actual impact on soil water and physical parameters at a given 
application rate and soil type. These results are consistent with interactions between biochar type 
and application rate, with soil, climate, crop, and management reported in the literature (Jeffery 
et al., 2011; Crane-Droesch et al., 2013; Laird et al., 2017). Local calibration is needed to 
optimally simulate the magnitude of biochar impacts on SOC and DUL. Alternatively, a better 
link between quality modifiers, biochar properties, and production methods is required to inform 
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APSIM biochar parameterization. However, the tradeoff between model estimates of BD and 
SAT was not fully consistent with trends in the measured data; hence a balance among quality 
modifiers was required to improve model performance. This finding suggests an area where the 
model itself could be improved. Also, determining that local calibration of the quality modifiers 
is necessary is an important finding because it will better inform subsequent model applications. 
 Both measured and predicted data showed a general increase in PAW with increasing 
SOM for topsoils with and without biochar. The measured data indicated an average 0.0012 mm 
increase in PAW per 0.1 % increase in SOC (Fig. 5), while the predicted data indicated an 
average 0.0013 mm increase in PAW per 0.1 % increase in SOC (data not shown). This finding 
is significant from a soil health perspective because it indicates that even a small increase in SOC 
improves PAW, which will assist in building more productive, resilient, and “climate-smart” 
soils (Paustian et al., 2016). Additionally, the results indicate that with the biochar quality 
modifiers, the APSIM biochar model soil water equations are better able to account for the rate 
of change in SWP with biochar application rate compared to the Saxton and Rawls (2006) PTFs. 
This may indicate that the impacts of biochar C on soil water in topsoils are not exactly the same 
as the impacts of biogenic SOC but further research is needed for confirmation. Similar results 
were obtained for the subsoils, with the measured data indicating a 0.0009 mm increase in PAW 
per 0.1 % increase in SOC and the predicted data showing a 0.0017 mm increase in PAW per 0.1 
% increase in SOC (Fig. 6).  
 This study further provided some information about biochar stability and its impacts over 
time on soil water parameters. The biochar amended field sites evaluated here contained biochar 
that had been in soils for 1 to 6 years (Table 3). The same general trends were seen across all 
field sites for a given soil water or physical parameter regardless of biochar age. Future studies 
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might consider examining soils amended with biochar for a longer period of time and see if the 
effects of biochar on SWP and the accuracy of the PTFs remains the same. 
 Future work should determine whether allowing the quality modifier for LL (QLL) and 
hence model predictions of LL to change in response to biochar additions will improve overall 
model performance. The APSIM biochar model is capable of estimating changes in LL over time 
similar to DUL and SAT but it currently is invariant for four reasons: 1) the change in LL is 
much smaller than the change in DUL, 2) LL is a more complex variable than DUL to estimate 
as it is related to the crop LL and water uptake by the roots, 3) evidence from previous studies 
showed no clear pattern of increase or decrease in LL as a function of biochar application rate, 
and 4) we aimed at modeling simplicity. However, the impact SOM has on estimates of LL is 
included in the Saxton and Rawls (2006) PTFs. Balland et al. (2008), also state that the LL 
should increase as both clay and SOM contents increase because SOM decreases BD and 
increases soil surface area, which should increase estimates of LL. Furthermore, other work on 
biochar amended soils specifically has shown that biochar can impact LL, but any effect is soil 
type dependent (Aller et al., 2017). Lastly, our measured data provides additional support for the 
hypothesis that biochar has an effect on LL, with 4 of 5 sites showing a consistent increase in LL 
with increasing biochar application rate (Fig. 8). This is likely attributed to the increase in 
surface area that results from biochar additions.  
 
Conclusions 
 Pedotransfer functions are needed to estimate soil water parameters from soil properties 
and generate reliable model based predictions. Numerous PTFs have been developed to predict 
soil water dynamics based on SOM, but no prior studies have validated the use of PTFs for soils 
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amended with biochar. We showed that the PTFs of Saxton and Rawls (2006) and the soil 
parameters from the WSS database were best for estimating the soil water and physical 
parameters evaluated in soils with and without biochar compared to the PTFs developed by 
Gijsman et al. (2003) and Palmer et al. (2017). Upon further examination of the Saxton and 
Rawls (2006) PTFs, results showed the same general increase in PAW with increasing SOM 
content for topsoils with and without biochar and a similar impact for subsoils. We also showed 
during calibration of the APSIM biochar model that the modified Saxton and Rawls (2006) PTFs 
that include quality modifiers to describe biochar impacts on soil water parameters improve 
model performance. However, we found that the quality modifiers are site-specific and local 
calibration is required to accurately predict the impacts of biochar on soil water parameters. 
Additionally, tradeoffs were found for some parameters (i.e. BD and SAT) when trying to 
optimize model performance, indicating that a balance must be established when adjusting the 
quality modifiers. Lastly, model simulations indicated that the LL increases with increasing 
biochar application rate, providing evidence that the QLL should not remain invariant in the 
biochar model; a point of future work. This study overall provided the necessary experimental 
verification of the PTFs originally developed by Saxton and Rawls (2006) for biochar amended 
soils. Our results advance efforts aimed at predicting biochars impacts on soil water relations and 
agroecosystem functioning as well as strengthen the APSIM biochar model for use in future 
studies. 
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Appendix - supplementary data 
Table S1. Details of the PTFs evaluated for estimating soil water and physical parameters in top-
soils with and without biochar and subsoils.  
 
Method and Equations Used Comments 
Saxton and Rawls (2006)  
SAT= θ33 + θ(s-33) – 0.097S + 0.043 
Equation 5 in Table 1 of Saxton and Rawls 
(2006), where θ33 is the moisture content 
determined at 33 kPa and S is %sand 
DUL= θ33t + (1.283(θ33t)
2 
-0.374(θ33t)-0.015) 
Equation 2 in Table 1 of Saxton and Rawls 
(2006), where θ33t is the moisture content, first 
solution, determined at 33 kPa. This DUL 
equation assumes normal density. 
LL = θ1500t + (0.14* θ1500t – 0.02) 
Equation 1 in Table 1 of Saxton and Rawls 
(2006), where θ1500t is the moisture content, 
first solution, determined at 1500 kPa. 
BD = (1- θs)*2.65 
Equation 6 in Table 1 of Saxton and Rawls 
(2006), where θs is SAT. 
PAW= DUL-LL  
Palmer et al. (2017)  
SAT= 0.95 (1-BD/2.65) 
Units of m
3
 m
-3
. Calculated from Dalgliesh 
and Foale (1998) and assumes soil particle 
density = 2.65. 
DUL= a + b*SOC + c*SOC
2
 
a,b, and c are constants that estimate 
gravimetric water content for a given matric 
potential and are based on textural class. See 
supplementary materials of Palmer et al. 
(2017). SOC = SOM/1.72 ( Nelson and 
Sommers, 1982) 
LL= a + b*SOC + c*SOC
2
 
a,b, and c are constants that estimate 
gravimetric water content for a given matric 
potential and are based on textural class. See 
supplementary materials of Palmer et al. 
(2017). SOC = SOM/1.72 ( Nelson and 
Sommers, 1982) 
BD = 100/((%SOM/BDSOM) + (100-
%SOM/BDm)) 
Calculate the mineral fraction using BDm = (1 
– SOMf)/((1/BD) – (SOMf/BDSOM)) given 
that the BDSOM= 0.224 (g cm
-3
). Calculation 
based on Adams (1973). BD has units of g 
cm
-3
. 
PAW= DUL-LL  
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Table S1. Continued 
 
 
Gijsman et al. (2003)  
SAT =0.95*porosity Equation adapted from Rawls et al., 1982 
DUL =0.2576-
(0.002*sand)+(0.0036*clay)+(0.0299*%OM) 
Equation adapted from Rawls et al., 1982 
LL1= 5 + 0.0244*%clay
2
 
LL2= 3.62 + 0.444*%clay 
LL1 is used for soils that have a %sand 
content > 70%. LL2 is used for all other soils. 
Equations adapted from Ritchie et al. 1986 
BD = 2.65-(SAT/0.95)  
PAW1=0.423-0.00381*sand  
PAW2=0.1079+0.0005004*silt 
PAW1 is for soils with >75% sand. PAW2 is 
for soils with >70% silt and all other soils. 
Web Soil Survey  
SAT= (1-BD/2.65)  
DUL 
Soil properties and qualities →soil physical 
properties→ water content at -1/3 bar 
LL 
Soil properties and qualities →soil physical 
properties→ water content at -15 bar 
BD 
Soil properties and qualities →soil physical 
properties→ determined at -1/3 bar. Units of g 
cm
-3
 
PAW 
Soil properties and qualities →soil physical 
properties→ available water supply, 0-50 cm 
 
   
 
 
 
 
 
 
140 
 
 
Table S2. Biochar parameters adjusted during model set-up and calibration for the 5 sites where biochar was applied.   
Description 
Value 
(Boone) 
Value 
(Bruner) 
Value 
(Boyd) 
Value 
(Lewis) 
Value 
(Sorenson) 
Date of biochar application (mm/dd/yyyy) 10/15/2013 10/15/2013 10/15/2010 10/01/2011 05/14/2012 
amount of biochar applied (Mg ha
-1
) 0 - 90 0 - 90 0 - 112 0 – 9.3 0 - 22 
fraction carbon in biochar 0.76 0.76 0.78 0.63 0.76 
fraction of biochar lost during application 0.3 0.02 0.4 0.02 0.2 
mean residence time for labile biochar pool  1 1 1 1 1 
mean residence time  for resistant biochar pool  500 500 500 500 500 
biochar labile fraction  0.13 0.13 0.13 0.13 0.13 
fraction of decomposed biochar that goes to OC pools  0.4 0.4 0.4 0.4 0.4 
fraction of decomposed biochar that goes to biom 0.05 0.05 0.05 0.05 0.05 
biochar C:N ratio 232 232 132 151 232 
sand  0.47 0.54 0.58 0.17 0.46 
clay  0.25 0.21 0.19 0.27 0.24 
priming coefficient for biom pool  0 0 0 0 0 
priming coefficient for hum pool  0 0 0 0 0 
priming coefficient for cell pool  0 0 0 0 0 
priming coefficient for carb pool  0 0 0 0 0 
priming coefficient for lign pool 0 0 0 0 0 
negative priming coefficient for internal C partitioning, biom 0 0 0 0 0 
negative priming coefficient for internal C partitioning, biom 0 0 0 0 0 
negative priming for internal C partitioning, fom 0 0 0 0 0 
negative priming for internal C partitioning, fom 0 0 0 0 0 
C:N ratio of biom pool 8 8 8 8 8 
C:N ratio of soil stuff 12 12 12 12 12 
Biochar incorporation depth (mm) 152 152 290 150 200 
Intercept dul 1.3067 1.3067 1.3067 4.134 3.2298 
Intercept bd  1.3067 1.3067 1.4067 3.421 2.5456 
Slope of dul quality equation (default 0.33) 1 0 0.33 0.12 0.1 
Slope of bd quality equation (default 0.33) 1 0.05 0 0.04 0.05 
Biochar LV  50 50 50 50 50 
Biochar ECEC  187 187 187 187 187 
Biochar cnrf coefficient  0.693 0.693 0.693 0.693 0.693 
Optimum C:N ratio for biochar 25 25 25 25 25 
Biochar WFPS factor  1 1 1 1 1 
Biochar NH4 absorption coefficient 0.006 0.006 0.006 0.006 0.006 
Biochar NH4 desorption coefficient  0.006 0.006 0.006 0.006 0.006 
 
1
4
0
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Fig. S1. Measured versus predicted soil water and physical parameter values estimated using the 
Gijsman et al., (2003) PTFs for soils from the 0-5, 5-15, and 15-30 cm depth increments, with 
biochar (N=85) and without biochar (N=61).  
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Fig. S2. Measured versus predicted soil water and physical parameter values estimated using the 
ensemble PTFs of Palmer et al., (2017) for soils from the 0-5, 5-15, and 15-30 cm depth 
increments, with biochar (N=85) and without biochar (N=61).  
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Fig. S3. Measured versus predicted soil water and physical parameter values estimated using the 
WSS database for soils from the 0-5, 5-15, and 15-30 cm depth increments, with biochar (N=85) 
and without biochar (N=61).  
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Fig. S4. Measured versus predicted soil water and physical parameter values and estimates of the 
relationship between SOM and PAW using the Gijsman et al., (2003) PTFs for subsoils (N=80). 
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Fig. S5. Measured versus predicted soil water and physical parameter values and estimates of the 
relationship between SOM and PAW using the ensemble PTFs of Palmer et al., (2017) for 
subsoils (N=80). 
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Fig. S6. Measured versus predicted soil water and physical parameter values and estimates of the 
relationship between SOM and PAW using the WSS database for subsoils (N=80).  
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CHAPTER 6. OPTIMIZING BIOCHAR APPLICATION RATES FOR MIDWEST 
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Abstract 
 The Agricultural Production Systems sIMulator (APSIM) is a farming systems model 
capable of integrating many aspects of agro-ecosystem complexity to predict the long-term 
effects of crop production systems and management practices on crop yields and environmental 
quality. A biochar model was recently developed within the APSIM platform to simulate the 
effects of biochar and enhance understanding of biochars’ long-term impacts on agro-ecosystem 
performance. Midwestern farms are the largest potential source of crop residues for bioenergy 
production, however, there is a need for new more sustainable practices to compensate for the 
negative effects of residue harvesting on soil quality. Biochar applications could offset the 
potential negative effects of residue removal and enhance agricultural productivity while 
simultaneously sequestering carbon. We used soil, crop yield, and management data from a long-
term field study in central Iowa that includes residue removal and crop rotations, to calibrate and 
validate the APSIM biochar model. We then applied the model to identify the optimum biochar 
application rate that maximizes productivity and environmental performance of conventional 
corn and corn-soybean cropping systems in Iowa under different N fertilizer application rates 
                                                 
1
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and residue harvesting scenarios. A cost-benefit analysis was also employed to identify the 
economically optimal biochar application rate from both producer and societal perspectives. 
Results of model applications showed that across all scenarios as biochar application rate 
increased both continuous corn and corn-soybean rotations reduced nitrate leaching, increased 
soil carbon levels, and a small impact on corn yields. The cost-benefit analysis revealed that 
public benefits, evaluated from decreased nitrate leaching and increased soil carbon levels, 
significantly outweighed the private revenue accrued from crop yield gains, and a lower biochar 
application rate (22 Mg ha
-1
) was more cost-effective (per ton) compared to higher biochar rates. 
Overall, biochar applications can eliminate negative effects of residue harvesting on soil quality 
and are an economically viable option for a farmer when at least 50% of the residue is harvested 
for sale; which can be done sustainably.   
 
 
 
Keywords: biochar, APSIM, corn yields, residue harvesting, economic analysis, sustainability 
 
Abbreviations: APSIM, Agricultural Production Systems sIMulator; CC, continuous corn; CS, 
corn-soybean; C, carbon; GDD, growing degree days; ME, modeling efficiency; NO3, nitrate; 
RMSE, root mean square error; RRMSE, relative root mean square error; SOC, soil organic 
carbon 
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Introduction 
 Agriculture lies at the nexus of the food, water, and energy sectors. Nexus challenges are 
driven by increasing population pressure and emergent economies which are increasing demand 
for food and energy production while accelerating degradation of soil and water resources and 
changes in global climate (FAO, 2014). Agricultural producers are left with the challenge of 
increasing food production, providing biomass for bioenergy production, and using freshwater 
more efficiently; all while reducing their environmental footprint. To begin addressing the food-
water-energy challenges in agriculture, new long-term sustainable agricultural practices need to 
be developed using a systems approach which considers the complex interactions of agriculture 
and the environment. 
 The US Midwest is one of the largest and most productive agricultural regions globally; 
producing nearly one-third of the world’s corn (Zea mays L.) and soybean (Glycine max L.) 
crops (FAOSTAT, 2015). In Iowa specifically, corn for grain is planted on nearly 14 million 
acres and soybeans on more than 9 million acres (USDA-NASS, 2016), covering roughly 80% of 
the landscape (Newton and Kuethe, 2015). As the number of acres devoted to growing corn and 
soybean has increased in response to rising feed, fuel, fiber, and food demands, cropping system 
diversity has largely been eliminated (Liebman et al., 2013). This has potentially negative 
consequences as more diverse systems that include long-term rotations are well known to have 
widespread benefits for soil and environmental quality; impacts which have been widely reported 
on (Giller et al., 1997; Karlen et al., 2006; Russell et al., 2006; Davis et al., 2012; Liebman et al., 
2013; Lal, 2015; Aller et al., 2017).  
 Additionally, the shift to finding alternative energy sources has meant not only corn grain 
but corn residue is a high value product. A US Department of Energy report in 2005 estimated 
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biomass recovered from crop residues could significantly contribute to US energy production 
(Perlack et al., 2005). With residues from Midwestern farms representing the highest 
concentration of biomass for bioenergy production. Previously, crop residues were returned to 
the soil for conservation purposes. Residues left in the field have many positive impacts on soil 
and ecosystem functioning including: maintaining soil organic matter, reducing soil erosion by 
wind and water, and increasing soil microbial activity and carbon levels (Wilhelm et al., 2007; 
Lal and Pimentel., 2007; Blanco-Canqui and Lal, 2009; Laird and Chang, 2013). Soil quality and 
long-term agricultural productivity will be negatively impacted if crop residues are continuously 
removed in an unsustainable way (Wilhelm et al., 2004; Laird and Chang, 2013). Some of the 
potential negative effects of residue removal, however, could be offset through the incorporation 
of soil amendments. Biochar, the charcoal like co-product of biomass pyrolysis, is a soil 
amendment which can enhance soil quality and agricultural productivity while simultaneously 
sequestering carbon (Laird et al., 2009; Lehmann and Joseph, 2015).  
 Farming systems models such as the Agricultural Production Systems sIMulator 
(APSIM) are capable of integrating the complexity of the agro-ecosystem to predict the long-
term effects of changing crop production strategies and management practices on crop yields and 
environmental quality. APSIM uses an advanced modeling platform that integrates numerous 
agricultural inputs and parameters to simulate crop, soil, management, and environment 
interactions, helping to facilitate a systems level of understanding (Keating et al., 2003; 
Holzworth et al., 2014). APSIM uses various component models (e.g., soil, crop, water, 
management) linked to a central engine to simulate the growth and productivity of over 40 crop 
species and soil processes. For Iowa agriculture, the corn and soybean crop, residue, soil water, 
soil C and N models have all been calibrated and validated to simulate growth, productivity, and 
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environmental impacts (Malone et al., 2007; Archontoulis et al., 2014a,b; Basche et al., 2016; 
Dietzel et al., 2016; Martinez-Feria et al., 2016).  
 Recently a biochar model was developed within the APSIM platform (Archontoulis et al., 
2016) to simulate the effects of biochar amendments and to enhance understanding of biochars’ 
long-term impacts on agro-ecosystem performance. The model is publically available through 
the APSIM platform (version 7.9, released April 2017). Initial biochar model testing was 
conducted using experimental data from only one study (Rogovska et al., 2014), with 
preliminary results suggesting very good agreement between simulations and experimental 
observations (Archontoulis et al., 2016). However, additional testing of the new biochar model 
across different locations, management systems, and weather years is required to increase 
confidence before the model is widely used for decision-making and agricultural assessments.  
 The goal of our research is to test further and ultimately validate the APSIM biochar 
model. The specific objectives of this study were to; 1) use soil, crop yield, and management 
data from a long-term field study that includes continuous corn and corn-soybean rotations and 
biomass harvesting for bioenergy production in central Iowa to calibrate the APSIM biochar 
model, and 2) use the calibrated biochar model to identify the optimum biochar application rate 
that maximizes grain and biomass productivity and environmental performance of corn and corn-
soybean cropping systems in Iowa under different management scenarios. We hypothesized that 
biochar applications can offset the negative effects of residue harvesting, as evaluated by SOC 
levels and NO3 leaching rates, while not impacting corn yields. 
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Materials and Methods 
Dataset and Measurements 
 The experimental dataset used was collected from a crop rotation experiment conducted 
at Iowa State University’s Sorenson Research Farm in Boone County, IA from 2006-2016. The 
study investigated the effects of several cropping systems, corn in rotation with triticale 
(Triticosecale cv. Pronghorn) or switchgrass (Panicum virgatum cv. Cave-in-Rock), continuous 
corn, and corn-soybean rotations, and biochar applications on crop yields and soil quality. The 
data from this study was selected for use because we have a continuous record (11 years) of end-
of-season grain and stover yields along with soil quality data and site management information. 
A detailed description of the study site and an assessment of impacts of crop rotations and 
biochar amendments on soil quality have been presented previously (Aller et al., 2017).  
 In brief, the field study was arranged in a completely randomized block design with split 
plots that included five different crop rotations: continuous corn, corn-soybean, corn-soybean-
triticale/soybean-corn-soybean-triticale/soybean, corn-corn-corn/switchgrass-switchgrass-
switchgrass-switchgrass, and continuous switchgrass. Rotations were in a six-year cycle with all 
phases of each rotation present every year in four replicate blocks and with complete removal of 
aboveground biomass from all plots containing corn, switchgrass, and triticale every year. There 
were a total of 208 plots, 112 whole plots, and 192 subplots. Of the 112 whole plots, 16 were in 
continuous switchgrass and were never split into subplots (no biochar applications), while the 
other 96 whole plots were split. Biochar was applied on one-half of each split plot over four 
consecutive years (2012, 2013, 2014, and 2015) following the corn-phase of the rotations; thus 
representing a temporal series of field-aged biochar. A slow-pyrolysis hardwood biochar (#10 
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granular charcoal, Royal Oak Enterprises, LLC., Roswell, GA) was applied at a rate of 22.4 t ha
-1
 
and was incorporated with a single pass of a rotary tiller to a depth of 20 cm.  
 Only two of the five experimental rotations are considered here: continuous corn (CC) 
and corn-soybean (CS) rotation. We chose these two rotations because together they comprise 
93% of the cropping systems in Iowa (USDA-NASS, 2016) and the corn and soybean models in 
APSIM are well developed, while the new switchgrass model for APSIM (Ojeda et al., 2017) 
requires further testing and calibration. Additionally, biochar applications in 2012, 2013, and 
2014 were evaluated for the CC system and in 2012 and 2013 only for the CS rotation system 
because of the timing at which biochar applications were made in the respective cropping 
system.  
 Daily weather information came from the Iowa Environmental Mesonet (2017), which 
reports data from a weather station approximately 2 km north of the field site. The baseline soil 
profile used in the model was the Clarion soil series (Fine-loamy, mixed, superactive, mesic 
Typic Hapludolls) as this is the dominant soil series at the site. Soil parameters were updated 
based on analysis of samples collected from the field site (Aller et al., 2017). Parameters adjusted 
included the drained upper limit (DUL), lower limit (LL), saturation point (SAT), bulk density 
(BD), and soil organic carbon (SOC). We used the average of SOC measurements for all 0-30 
cm samples collected from no-biochar plots between 2006-2016. SOC values for the remainder 
of the soil profile, 30-220 cm, as well as values for the entire soil profile for DUL, LL, and BD 
were based on analysis of deep cores collected in 2016. The soil profile parameter values can be 
found in the supplementary material (Tables S1 and S2). 
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The APSIM Model - Initialization and Calibration 
 APSIM version 7.9 was initialized by selecting the following models: Corn and Soybean 
crop models (Keating et al., 2003), Soil N (soil N and C cycling model with the default soil 
temperature model; Probert et al., 1998), SoilWat (a tipping bucket soil water model; Probert et 
al., 1998); SURFACEOM (residue model; Probert et al., 1998; Thorburn et al., 2001, 2005); the 
Biochar model (Archontoulis et al., 2016), and the following management activities: planting, 
harvesting, fertilization, tillage, and crop rotations (Keating et al., 2003).  
 Management practices specified for each crop within APSIM included rules for crop 
rotations, tillage, biochar tillage (to incorporate the biochar immediately after application in the 
plots and years applicable), sowing, fertilizing, and harvesting. Nitrogen fertilizer was applied at 
a rate of 190 kg ha
-1
 annually for continuous corn and 135 kg ha
-1
 in corn years only for the corn-
soybean rotation. A 110-day relative maturity corn hybrid and a maturity group 2 soybean 
variety were used for the APSIM simulations (Archontoulis et al., 2014a, 2014b). 
 The biochar model was included in simulations for plots where biochar was applied. 
Within the biochar model we added the following management information: timing of 
application, amount of biochar applied, depth of biochar incorporation; and measured soil and 
biochar parameter information: sand and clay content, biochar carbon fraction, biochar labile 
fraction, and biochar C:N ratio (Aller et al., 2017). All other biochar parameter values were 
derived from Archontoulis et al. (2016). All biochar parameter values are presented in the 
supplementary material (Table S3).  
 To initiate the SOC and soil N pools across the profile, we ran simulations for 6-years 
prior to the start of the analyzed simulations, similar to Dietzel et al. (2016). The initial 6-years 
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of simulated data were excluded from model analysis and corn yield and SOC values were 
output. Soybean yields were not analyzed in this study. 
 During model initialization we used early season plant stand counts for the plant-sowing 
density parameter rather than seeding rates. This additional management information improved 
agreement between measured and predicted yields because the model assumes that the number of 
plants sown equals the number harvested. It does not account for plant losses between sowing 
and harvest due to management practices (e.g., poor germination) or environmental factors (e.g., 
frost).  
 We changed that following maize model cultivar specific parameters: 1) time from 
emergence to the end of vegetative stage was increased from 214 to 250 growing degree days 
(GDD), 2) time from flowering to maturity was decreased from 885 to 820 GDD, 3) time from 
flowering to the start of grain fill was increased from 150 to 170 GDD, and 4) time from 
maturity to ripening was increased from 1 to 180 GDD. The new cultivar parameter values are 
presented in the supplementary data (Table S4). The maize hybrid used in the field experiment 
was changed during the experimental period (2006 – 2016) but the relative maturity group (110-
day) remained the same. A total of forty-eight plots were used in model calibration (N = 48) for 
each of the CC and CS rotation systems. 
 
Model Application 
 The calibrated APSIM biochar model was used to determine the optimum application rate 
of biochar under various management conditions for CC and CS rotation systems. Specifically, 
we evaluated three different nitrogen application rates (75, 150, and 225 kg N ha
-1
) and three 
residue removal rates (0, 50, and 90 % removal) against increasing application rates of biochar 
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(0, 22, 45, 90 Mg ha
-1
) for both cropping systems. In addition, the scenarios were run for both a 
high carbon, high C:N ratio biochar (e.g. hardwood, slow pyrolysis) and a low carbon, low C:N 
ratio biochar (e.g. corn stover, fast-pyrolysis). In both cropping systems nitrogen fertilizer was 
only applied to the corn crop. Sequential simulations were run over a 37-year period (1980-
2016), with the first five years (1980-1984) prior to biochar application excluded from the 
analysis. The model outputs included corn yield (kg ha
-1
), SOC (%), and NO3-N leaching below 
the root zone.  
 
Data Analysis 
 Agreement between simulated and measured values was assessed using the root mean 
square error (RMSE), relative root mean square error (RRMSE), and modeling efficiency (ME) 
statistics.  
 
𝑅𝑀𝑆𝐸 = √
∑ (𝑆−𝑂)𝑁𝑖−1
2
𝑁
         (1) 
𝑅𝑅𝑀𝑆𝐸 =
𝑅𝑀𝑆𝐸
𝑂𝑎𝑣𝑔
∗ 100        (2) 
𝑀𝐸 = 1 −
∑(𝑆−𝑂)
2
∑(𝑂−𝑂𝑎𝑣𝑔)
2         (3) 
 
where N is the total number of observations, S is the simulated value, O is the measured value, 
and Oavg is the average of the measured values. Lower values of RMSE and RRMSE indicate 
better model fit, as they provide the absolute and relative error between the simulated and 
measured values, respectively. However, RMSE and RRMSE have a lower limit because the 
simulated error can never be lower than the inherent error in the measured data used for model 
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calibration (He et al., 2017). Modeling efficiency (scale <0-1), which describes the average 
model performance across all observations (Archontoulis and Miguez, 2015), was determined as 
an indicator of overall goodness of fit. Model efficiency is useful when comparing model 
performance between different datasets because it normalizes the data (Wallach, 2006).  
 
Economic Analysis 
 A cost-benefit analysis using a partial budget approach was employed to evaluate the 
private and public net economic benefits of the various biochar application and corn stover 
removal rate scenarios over the 32-year simulation period (1985-2016). We used the agronomic 
and environmental outcomes of 36 scenarios and assigned literature-driven values to determine 
the economic costs and benefits relative to the respective baseline scenario for each cropping 
system (Calkins and Dipietre, 1983). The baseline scenarios represented the 2.75 ha 
experimental field site that had no biochar, no residue removal, and an N application rate of 225 
kg N ha
-1 
every year in the CC system and 150 kg N ha
-1
 in corn years of the CS rotation system.  
We generated the net private and public benefits across all 32 years following the application of 
biochar in 1985. This entailed varying the C:N ratio of the biochar (high or low), the biochar 
application rate, application rate of N fertilizer, and rate of residue removal in both the CC and 
CS rotation systems. From the analysis we also determined the private and public breakeven 
costs, which represents the maximum per-ton price of biochar the producer could afford to pay. 
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 Net private benefits 
 The net private benefits were determined from increased
1
 cash crop yields relative to the 
baseline plus net-revenues due to the sale of corn stover. Annual historical CPI-adjusted corn and 
soybean prices and a constant stover price were used (Johanns, 2017; Edwards, 2014). The $13 
per ton net-revenue from corn stover removal was determined from the price of stover as feed 
minus the farmers harvest and transportation costs. We assumed that the private costs were labor 
and machinery expenses from a one-time biochar application, plus the additional cost of nitrogen 
beyond the rate applied in the respective baseline scenarios for each system. We also assumed 
that all other corn and soybean production costs were identical across the 2.75 ha field in all 
scenarios
2
. The net private benefits acquired annually and summed over the 32-year period were 
calculated using 2015 dollar values by the following equation: 
 
Net private benefits = value from yield increase + value from sale of stover – biochar application 
cost 
 
To calculate the private breakeven cost for a farmer applying biochar, the net private benefits 
were divided by the quantity of biochar applied in each scenario. The final value represents the 
maximum price a farmer would pay to not lose any revenue by applying biochar, relative to the 
baseline scenario. 
 
  
                                                 
1
 If cash crop yields decrease, most often because of lack of nitrogen, we consider the negative benefit to be an 
added cost 
2
 That is, the fixed and variable costs are identical across scenarios, and would only potentially vary with respective 
to acreage. 
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Net public benefits 
 The net public benefits were determined from the reduction in NO3-N leaching and the 
increase in SOC, which was given a value based on the corresponding reduction in CO2 
emissions from each cropping system. We quantified the value of decreased NO3-N leached 
relative to the baseline scenario annually using an equilibrium price implied from water quality 
trading, $3.13 for each pound nitrate saved (Ribaudo et al., 2014), and summed that over the 32-
year simulation period for each scenario. The reduction in CO2 emitted for each scenario was 
taken as the difference in SOC in 2016 and in 1985, relative to the difference from the baseline 
scenario, assuming that for every ton increase in SOC there is one less ton of CO2-C emitted in 
the future. The economic value of future CO2 emission reductions was converted into a dollar 
amount using a $36 per ton social cost of carbon and a 3% discount rate (Nordhaus, 2017). 
Annual net public benefits were calculated using the following equation: 
 
Net public benefits = value of reduced NO3-N leaching + reduced CO2 emissions through 
improvements in SOC 
 
 Total net benefits 
 The total net benefits were calculated as the sum of the net private benefit and net public 
benefit. The public breakeven cost for each scenario was calculated as the total net benefits 
divided by the quantity of biochar applied in each scenario. This value represents the maximum 
price at which it would benefit all of society, including the farmer, if the farmer applied biochar. 
Lastly, the potential benefits associated with changes in land value were not included in the 
analysis. 
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Results 
Model Performance - Corn Yields 
 The calibrated model performed well for simulating corn yields in both the CC and CS 
rotation systems (Fig. 1). In the CC system, RMSE decreased from 3168 to 1482 kg ha
-1
, the 
RRMSE from 34.6 to 16.2%, and the ME increased from -1.03 to 0.56 between the uncalibrated 
and calibrated models, respectively. Similarly in the CS rotation, the RMSE decreased from 2415 
to 1526 kg ha
-1
, the RRMSE from 23.5 to 14.7%, and the ME increased from -0.3 to 0.49 from 
the uncalibrated to calibrated model, respectively. 
 
 
Fig. 1. Model calibration summary figures for the CC and CS rotation systems (N = 528 for each 
cropping system). 
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compared to measured yields largely underestimated for both cropping systems. For the CC 
simulations the relative error was higher and ME was lower compared to the CS rotation 
(RRMSE = 15.9 and ME = 0.57 for CC versus RRMSE = 15.03 and ME = 0.60 for CS rotation). 
Therefore, the overall average model performance was better for the CS than the CC system.  
 Model performance in response to biochar applications was evaluated. Model results 
show satisfactory agreement between measured and predicted yields following different years of 
biochar application (Fig. 3). For the CC system, both measured and predicted grain yields 
increased following biochar application for the three different years biochar was applied (2012, 
2013, and 2014) (Fig. 3). A similar increase was observed for the control plots (Fig. 3), however, 
the yield increase in the biochar plots, as determined from the measured data, was 837, 943, and 
760 kg ha
-1
, in 2012, 2013, and 2014, compared to the no-biochar controls, respectively (data not 
shown). But this observed yield increase in the biochar plots is confounded by tillage and thus 
may not be a true biochar effect. In the 2012 and 2013 biochar application years the model 
showed greater error and lower ME compared to their respective controls. Model performance 
was equal when the 2014 biochar and no-biochar control plots were evaluated with the RRMSE 
= 17 and the ME = 0.5.  
 For the CS rotation the model showed similar results as for the CC system (Fig. S1). 
Average corn yields were underpredicted in a couple years for each of the 2012 and 2013 plots. 
The relative model error and the ME were lower in the 2012 biochar plots (RRMSE = 13.6 and 
ME = 0.31) compared to the no-biochar controls (RRMS = 15.8 and ME =0.62). In the 2013 
treatments, the biochar plots show greater relative model error relative to the control plots 
(RRMSE = 15.3 versus RRMSE = 15.2) and lower ME (ME = 0.14 versus ME = 0.52). 
162 
 
 
Indicating that overall model performance is better at estimating corn yields in the control plots 
then the biochar plots for the CS rotation system (Fig. S1). 
 
 
Fig. 2.  Corn yield (kg ha
-1
) over 11 years in the CC and CS rotation systems. Measured values 
(black diamonds) are the average of all control plots with standard deviation bars. Predicted 
yields are represented by the blue line.   
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Fig. 3. Corn yields as impacted by three different field ages of biochar under CC (biochar 
applied in 2012, 2013, or 2014). Measured values (black diamonds) are the average of all plots 
with biochar (left side) and no-biochar control plots (right side) with standard deviation bars 
across all 11 years. Predicted yields are represented by the blue line.  
 
Model Performance- Soil Organic Carbon 
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showing better overall model agreement in the CS rotation. However, the large RRMSE values, 
> 20%, and the negative ME values for both cropping systems indicates poor overall model 
performance and that the average of the observed data is better than the model predictions. 
Further, in both systems model predictions of SOC varied little, while measured data were more 
variable (Fig. 4). This is attributed to sampling variability from field measurements. 
  
 
Fig. 4.  Percent soil organic carbon over 11 years under CC and CS rotation systems. Measured 
values (black diamonds) are the average for all control plots with standard deviation bars. 
Predicted yields are represented by the blue line. 
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 Model performance separated by biochar application year revealed that model goodness 
of fit was better in the plots with biochar than the no-biochar controls plots for both the CC (Fig. 
5) and the CS rotation systems (Fig. S2). However, the model on average overpredicted 
 
 
Fig. 5. Percent SOC across 11 years as impacted by three different field ages of biochar (biochar 
applied in 2012, 2013, or 2014) for the CC system. Measured values (black diamonds) are the 
average of all plots with biochar (left side) and no-biochar control plots (right side) with bars 
showing standard deviations. Predicted yields are represented by the blue line.  
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SOC levels in both biochar and no-biochar control plots for both cropping systems. For the CC 
system, model agreement between the predicted and measured SOC data was best for the 2014 
biochar application year, with the RRMSE = 25.8 and the ME = 0.18. But for all three years and 
for both biochar and no-biochar control plots, RRMSE was > 20 % and ME was negative, except 
ME values for the 2012 and 2014 biochar plots which were positive. This again indicates poor 
overall performance of the model at estimating SOC. Similar results were observed for the CS 
rotation, as the model almost always overpredicted SOC compared to the measured data (Fig. 
S2). Although, ME was improved for both the biochar and no-biochar control plots in the CS 
system compared to the CC system. 
 
Model Application - Agronomic Impacts 
 The impacts of the high and low C biochar treatments on corn yields (calculated as the 
average % difference between biochar and no-biochar control treatments over the 32-year 
simulation) were similar, with only a decreased magnitude of change relative to the control 
observed for the low C biochar compared to the high C biochar treatments (Fig. 6). Corn yields 
evaluated by cropping system showed different trends based on residue removal rates for the 75 
and 150 kg N ha
-1 
fertilization rate scenarios (Fig. 6). For the CC system, at the 75 kg N ha
-1
 
fertilization rate, a residue removal rate of 0% resulted in the largest yield decline followed by 
the 90% and then 50% residue removal rates, regardless of biochar application rate. At the same 
fertilization rate but for the CS rotation system, a residue removal rate of 50% resulted in the 
largest yield decline followed by the 90% and then 0% residue removal rates, regardless of 
biochar application rate. At the 150 kg N ha
-1 
fertilization rate corn yields were decreased at all 
biochar application and residue removal rates compared to the no-biochar control for the CC 
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system. Whereas in the CS rotation system corn yields were positive for the 0% and 50% residue 
removal rates and negative for the 90% residue removal rate regardless of biochar application 
rate (Fig. 6). The APSIM model is very sensitive to soil N status, hence these differences are 
attributed to biochar and crop residue effects on N immobilization/mineralization. Specifically, 
the model predicts that N immobilization will decrease N availability to the crop while the labile 
C in biochar is being mineralized. The effect of biochar treatments on corn yields was positive at 
the 225 kg N ha
-1 
fertilization rate regardless of biochar application and residue removal rates 
(Fig. 6). At the 225 kg N ha
-1 
fertilization rate, N availability is no longer limiting to crop growth 
and hence the positive aspects of biochar on soil quality boost yields.  
 Overall the changes in average corn yields attributable to biochar were small over the 32-
year simulation period and across all scenarios. The largest simulated effect was a yield decline 
of 2.66% for the CC system with application of 90 Mg ha
-1 
high C biochar, 0% residue removal, 
and a fertilization rate of 75 kg N ha
-1 
(Fig. 6), which would put the corn crop under considerable 
N stress. The 2.66% yield loss equates to a total of 6112 kg ha
-1
 (97 bu ac
-1
) over the entire 32-
year simulation period. When the low C biochar was applied the greatest yield decline was below 
-2% in the CC system scenario of 75 kg N ha
-1
, 0% residue removal, and 90 Mg ha
-1
 biochar 
(Fig. 6). The difference is attributed to the lower C:N ratio of the low C biochar relative to the 
high C biochar, which means less N immobilization during mineralization of the labile C in the 
biochar. 
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Fig. 6. Differences in average corn yields (kg ha
-1
) between biochar and no-biochar control 
treatments for the 32 year simulation (1985-2016) in CC and CS rotation systems under different 
N fertilization and residue management scenarios and when low/high C content and C:N ratio 
biochars were applied in 1985. 
 
 For both cropping systems and biochar types the simulations showed the same patterns 
but different intensities for the impacts of various management scenarios on NO3 leaching (Fig. 
7). All NO3 leaching values were calculated as the average % difference between the biochar and 
no-biochar control treatments over the 32-year simulation period. Simulation results indicate that 
application of both the high and low C biochars decreased NO3 leaching through the root zone 
for all N fertilization and residue removal scenarios and for both cropping systems (Fig. 7). The 
percent reduction in NO3 leaching relative to the no-biochar controls increased with the N 
fertilization rate and the amount of biochar applied. The maximum impact on NO3 leaching for 
both cropping systems was a reduction of about 10% when the low C biochar was applied and a 
Continuous corn
corn yield
Corn soybean rotation
corn yieldLow C biochar
-3
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
%
 c
h
an
g
e 
fr
o
m
 c
o
n
tr
o
l 
-3
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
0% residue removal
50% residue removal
90% residue removal
-3
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
22 45 90 22 45 90 22 45 90
75 150 225
%
 c
h
an
g
e 
fr
o
m
 c
o
n
tr
o
l
Biochar application (Mg ha-1) and 
fertilization (kg N ha-1)
-3
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
22 45 90 22 45 90 22 45 90
75 150 225
Biochar application (Mg ha-1) and 
fertilization (kg N ha-1)
High C biochar
169 
 
 
nearly 20% reduction when the high C biochar was applied (Fig. 7). This difference is attributed 
to the C:N ratio of the biochar and the availability of biochar C for N immobilization. Residue 
removal decreased NO3 leaching for the 75 and 150 kg N ha
-1
 N fertilization rates, by contrast 
residue removal increased NO3 leaching for the 225 kg N ha
-1
 fertilization rate. These differences 
are attributed to N being limiting to the crop at the 75 and 150 kg N ha
-1
 N fertilization rates, but 
as more residue is removed the availability of N increases, enhancing root growth and reducing 
NO3 leaching. Whereas, at the 225 kg N ha
-1
 fertilization rate, N is not limiting plant or root 
growth, thus as residue removal increases less N is immobilized and NO3 leaching increases. 
 
 
Fig. 7. Average difference in NO3 leaching for the 32 year simulation (1985-2016) between 
biochar and no-biochar control treatments for the CC and CS rotation systems under different N 
fertilization and residue management scenarios and when low/high C content and C:N ratio 
biochars were applied in 1985.  
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 For both the CC and CS rotation systems and biochar types, the simulations showed the 
same patterns but different intensities for the impacts of the various management scenarios on 
SOC levels (Fig. 8). Here, we determined the % difference in SOC levels relative to baseline 
SOC levels, between 1985 (pre-biochar application) and 2016 (32 years after biochar 
application). The model indicates that biochar applications had the same impact on SOC levels in 
both the CC and CS rotation systems for the various N-fertilization and crop residue removal 
scenarios (Fig. 8). There was a direct relationship between biochar application rate and the 
increase in SOC content at the end of the 32-year simulation. For the scenarios with 22, 45, 90 
Mg ha
-1 
biochar application rates, as percent residue removal increased, the percent increase in 
SOC levels decreased but were higher than the initial SOC levels because of the biochar C. For 
the no-biochar control scenarios, SOC levels increased over time for the 0% residue removal 
treatment but decreased over time for the 50% and 90% residue removal treatments. When the 
low C biochar was applied, the simulations indicate a smaller increase in SOC levels over 32 
years relative to the simulations using the high C biochar. This observation is attributed to the 
lower C content and C:N ratio of the low C biochar. In addition, for these simulations the 
coefficient that models biochars effect on biogenic SOC turnover rates (priming effect), was set 
to zero. Changing the priming coefficient to induce a positive or negative effect from biochar, 
increased or decreased mineralization of biogenic SOC, respectively, will likely alter the results 
observed.   
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Fig. 8. Average change in total soil organic carbon levels for the 32 year simulation (1985-2016) 
in CC and CS rotation systems under different N fertilization and residue management scenarios 
and when low/high C content and C:N ratio biochars were applied in 1985. 
 
Model application - Cost-Benefit Analysis 
 Results of the cost-benefit analysis indicate that sufficient nitrogen is needed to ensure a 
positive net benefit from biochar application. If there is a lack of nitrogen a significant yield drag 
results when biochar is applied (Tables S5, S6, and S7). The assessment of private benefits 
indicated that as residue removal rates increase the revenue from the corn crop decreases while 
that from the stover increases, with an overall increase in the net private benefits (Tables S5, S6, 
and S7). Further, biochar application rate is not linked to residue removal rate but it does impact 
corn yields. When no residue is removed the revenue from higher corn yields increases as 
biochar application rate increases, while at the higher residue removal rates corn revenue is 
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negative relative to the baseline, but as biochar application rate increases the value becomes less 
negative (Tables S5, S6, and S7). Also, the net private benefits are boosted significantly as 
residue removal rate increases due to a higher value from the sale of corn stover, which at the 
same time diminishes the value of crop yield enhancements.  
 Our results reveal that the public benefits of biochar application, when coupled with the 
ability to harvest more crop residue, significantly outweigh the private benefits enjoyed by the 
farmer (Fig. 9). Further, the public benefits that result from lower CO2 emissions are closely tied 
to biochar application rate, suggesting that an increase in biochar application rate from 22 to 90 
Mg ha
-1
 would result in a proportional increase in aggregate SOC benefits. However, the 
marginal benefit of reducing CO2 emissions due to additional biochar applied is stagnant or 
lower, or in other words, a higher biochar application rate actually causes a lower maximum 
price a farmer could afford to pay for biochar. In contrast, while a higher biochar application rate 
leads to a greater reduction in NO3 leaching; the reduction in NO3 leaching is also significantly 
enhanced with a higher residue removal rate. Actually, at 50 or 90% residue removal rate, the 
public benefits from the reduction in NO3 leaching are substantially higher than the benefits that 
result from avoided CO2 emissions (Tables S5, S6, and S7).  
 The breakeven price, both public and private, for farmers applying biochar increases as 
residue removal rates increase and decreases as biochar application rates increase for both 
cropping systems and high and low C and C:N ratio biochars. Lastly, results show that a high C 
and C:N ratio biochar results in greater benefits then a low C and C:N ratio biochar across all 
scenarios (Fig. 9 and Tables S5, S6, and S7). 
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Fig. 9. Net private and net public benefits for the CC and the CS rotation systems for different 
biochar application rates, 0% residue removal, and when a high C biochar (blue bars) and low C 
biochar (red bars) is applied. Values are relative to the baseline scenarios of no biochar, 0% 
residue removal, and 225 kg N ha
-1
 and 150 kg N ha
-1
 for the CC and the CS rotation systems, 
respectively. 
 
 
Discussion 
Model Performance 
 This study calibrated the APSIM biochar model for a new site in central Iowa and used 
the calibrated model to identify the optimum biochar application rate that maximizes 
productivity and environmental performance of CC and CS cropping systems under different N 
fertilization rates and residue harvesting scenarios. Overall, the calibrated model performed well 
in predicting corn yields and satisfactory in predicting SOC levels for both the CC and CS 
rotation systems. The model was better at estimating corn yields and associated variability than 
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 Regarding corn yields, the decrease in the relative error of the model and the change in 
ME from a negative to positive value between the uncalibrated and calibrated models indicates a 
significant improvement in overall model performance. In particular, a ME value less than zero 
suggests that that model predictions are worse than the average of all observations (Wallach, 
2006). Modifying a number of the soil profile, biochar, and management parameter settings 
during model initialization as well as several of the corn crop cultivar parameters during model 
calibration were important steps to achieving the good overall model fit.  
 The biochar model generally overestimated SOC, both on average (Fig. 4) and at the 
individual plot level (Fig. 5). This may be the result of the soil profile parameters having been 
calculated as the average across all replications and years measurements were taken and the 
biochar plots being excluded from the calculation.   
 The model response to the biochar applications used in this study is an immediate 
increase of 0.5% in SOC. This increase is due to the biochar application rate and the C content of 
the biochar. Over time after the biochar application the C:N ratio of the biochar and the relative 
size and residence time of the labile and recalcitrant biochar pools influences the biochar C 
decomposition rate. The biochar used during model calibration was a high carbon hardwood 
biochar (76% C) that also had a high C:N ratio of 232:1. Thus, the immediate increase in the 
predicted SOC values was not surprising. The rate of increase and the duration of the higher 
SOC levels predicted by the model will change if a low carbon biochar is used. This is why it 
was important to consider the impacts of applying two different types of biochar on yield and 
environmental impacts during model application. Moreover, the priming coefficient, which 
models biochars effect on altering turnover rates of SOC, was set to zero. However, if the 
priming coefficient was positive the application of biochar would have accelerated 
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mineralization of the native soil OM and SOC levels would be lower than the observed value. By 
contrast, if the priming coefficient was negative the application of biochar would have reduced 
mineralization of the native soil OM and SOC levels would be higher than what was observed. 
This highlights the need for more research on biochars effect on priming. 
 
Model Application 
 The long-term APSIM simulations revealed similar results for impacts of different 
management scenarios on corn yields, NO3 leaching, and SOC content in both cropping systems 
and for the two different biochar types. The negligible change in corn yields and the trend 
observed as N fertilization rate increased were expected. The variable effects of biochar 
applications on corn yields in field studies have been widely reported on (Major et al., 2010: 
Uzoma et al., 2011; Cornelissen et al., 2013; Rogovska et al., 2016). Increasing the application 
rate of biochar may increase yield but a maximum may be reached, while similarly negative 
yield effects can be seen when the biochar application rate is too high. Whether the effect of 
biochar is positive or negative is environment, climate, and soil type dependent and other 
scenarios are likely to indicate different results.  
 One current limitation of the APSIM biochar model is that it does not yet incorporate the 
effects of allelopathy on corn yield predictions. Allelopathic compounds are released from 
decomposing crop residues and can have harmful carryover effects. Because of allelopathy, the 
presence of high residue loads from the previous year can decrease early seedling growth 
resulting in decreased crop yields in continuous corn systems (Rogovska et al., 2014; 2016). 
Removing some or all of the surface residue can improve yields by reducing the release of 
allelopathic compounds. At the same time, in scenarios where residues are left on the field and 
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biochar is applied, corn yields have been found to increase from 0.8 – 3.8 Mg ha-1 depending on 
biochar application rate, due to the adsorption and deactivation of allelopathic compounds onto 
biochar surfaces (Rogovska et al., 2014; 2016). Thus, in the scenarios evaluated here the 
potential positive impacts on corn yields, in response to residue removal and biochar 
applications, were not considered. The inclusion of algorithms that account for allelopathic 
effects and the potential reduction in the harmful effects of allelopathic compounds due to 
biochar additions should be considered as future APSIM development work. This has the 
potential to improve yield predictions from APSIM in general and to better predict biochar 
impacts on crop yields. However, in addition to allelopathy, crop yields may be negatively 
impacted by large amounts of residue due to the presence of pests and pathogens, cold and wet 
soils in the spring, and N immobilization; factors that cannot be ignored when interpreting the 
results of this study.    
 The observation that residue removal decreases NO3 leaching for the two lower N 
fertilization rates (75 and 150 kg N ha
-1
) but increases NO3 leaching for the higher fertilization 
rate (225 kg N ha
-1
) (Fig. 7) is attributed to the combined effects of the biochars C:N ratio and 
the amount of residue remaining. When a biochar with a high C:N ratio is applied and there is 
greater residue left on the field, N immobilization limits NO3 leaching (Fig. 7). When N fertilizer 
is already limiting, in the case of the 75 and 150 kg N ha
-1 
rate scenarios, and more residue is 
removed, a smaller fraction of N is immobilized. This lower rate of N immobilization means 
more is available to the plant and for root growth, which uptake more N and minimize NO3 
leaching rates. However, when N is in excess (225 kg N ha
-1
 rate scenario), and more residue 
remains, a greater fraction of N is immobilized and thus NO3 leaching is reduced. When the 
biochar applied has a low C content and C:N ratio the effects on N immobilization are 
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significantly lower (Fig. 7). The results of these scenario simulations highlight the importance of 
evaluating biochar quality. Different biochars impact agricultural systems and the environment 
differently and thus need to be produced and applied for specific end-uses (Spokas et al., 2012; 
Novak and Busscher, 2012; Ippolito et al., 2012).  
 
Economic Trade-offs 
 The cost-benefits analysis suggests that if a farmer could use the per-ton breakeven price 
in a given scenario they could afford to pay for biochar, as it represents a crude measure of the 
cost-effectiveness of applying biochar. Comparing across various management scenarios 
revealed that private benefits alone, under current prevailing management practices that includes 
no residue removal, it is difficult to justify the procurement and application of biochar 
application. However, the APSIM model simulations and therefore this cost-benefit analysis do 
not consider the potential negative effects of high residue levels on crop yields, which may have 
significant negative economic implications. But for the present analysis the situation becomes 
more economically viable if a greater amount of residue can be removed, or if a farmer could be 
compensated via cost-shares or environmental trading schemes for the public benefits accrued 
from applying biochar (decreased NO3 leaching and CO2 emitted). In the 36 difference scenarios 
evaluated here we showed that a lower biochar application rate, 22 Mg ha
-1 
(10 T ac
-1
), tends to 
yield higher per-ton benefits and a higher per-ton breakeven price the farmer would be able to 
pay for biochar. For example, a farmer can afford to pay $40 per ton for biochar, based on the 
private gains resulting from higher yields, they can harvest 50% of the residue and apply biochar 
at a rate of 22 Mg ha
-1
. 
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 Across all scenarios the application of biochar appeared to be more beneficial in the CC 
system compared to the CS rotation system, which may be linked to a lower nitrogen application 
rate in the CS rotation system due to soybeans ability to fix nitrogen, and thus have less NO3 
leached from the system. Under prevailing nitrogen application rates in central Iowa a yield drag 
is unlikely with biochar applications, however, a higher initial nitrogen application rate 
immediately after biochar application is recommended.  
 The private benefits were predominantly driven by yield gains, which tended to be 
overshadowed by the potential public benefits that would result from increasing SOC levels and 
reducing NO3 leaching rates. However, the private benefits alone were not sufficient to guarantee 
a net private return from biochar application, as implied by the negative per-ton price if only 
private yield benefits were considered and there was no corn stover removal. Further, while an 
increase in biochar application rate, holding other things constant, would increase the total 
private and public benefits, the per-ton maximum price a farmer could pay for the biochar may 
not necessarily increase. Lastly, the greater the residue removal rate the more cost-effective the 
scenario was because there is a high value associated with selling the residue and greater 
reduction in NO3 leaching rates. Thus residue can be removed sustainably if biochar carbon is 
added back to the soil, with positive benefits for both the farmer and society. 
 
Conclusions 
 The findings from this study demonstrated that over a 32-year period biochar applications 
can eliminate negative effects of residue harvesting on soil quality while at the same time 
reducing nitrate leaching, increasing soil organic carbon, and not impacting corn yields. The 
simulations revealed that corn yields are most affected by the amount of N applied and not by the 
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addition of biochar or residue removed. The opposite was true for NO3 leaching, with increasing 
rates of biochar leading to the greatest reduction in nitrogen lost from the system. Biochar 
applications also resulted in the building of soil organic carbon even under increasing rates of 
residue removal. This finding in particular, could have important positive implications for the US 
bioenergy industry while improving the sustainability of our agricultural systems. The cost-
benefit analysis revealed that the public benefits that result from applying biochar coupled with 
the ability to harvest more residue, significantly outweighed the private benefits. Biochar 
applications are an economically viable option in Iowa when at least 50% of the residue is 
harvested for sale; which can be done in an environmentally sustainable way. Future work in 
APSIM should consider factors that may negatively affect corn yields at high residue levels (e.g. 
allelopathy), potentially increasing the net private benefits associated with biochar applications.   
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Appendix - supplementary data 
Table S1. Soil water profile parameters used in model calibration and application for both the continuous corn and corn-soybean 
rotation systems. Key: bulk density (BD), air dry limit (AirDry), water content at 15 bar (LL), water content at 1/3 bar (DUL), 
saturation point (SAT), saturated hydraulic conductivity (KS), plant available water capacity (PAWC), maximum root water extraction 
rate (KL), and constraints to root growth (XF; 1 = no constraint to growth). 
 
Table S2. Soil organic matter profile parameters used on 1/1/2000 for model calibration and 1/1/1980 for model application of both 
the continuous corn and corn-soybean rotation systems. Key: soil organic carbon (OC), fraction of carbon in biom pool (FBiom), 
fraction of inert carbon (FInert).  
Depth (cm) OC (total %) FBiom (0-1) FInert (0-1) 
0-5 2.229 0.100 0.400 
5-15 2.174 0.090 0.400 
15-30 2.264 0.080 0.574 
30-50 1.561 0.070 0.800 
50-75 1.324 0.060 0.810 
75-100 1.324 0.030 0.850 
100-140 0.500 0.030 0.880 
140-180 0.400 0.010 0.890 
180-220 0.300 0.010 0.910 
Depth 
(cm) 
BD 
(g cc
-1
) 
AirDry 
(mm mm
-1
) 
LL15 
(mm mm
-1
) 
DUL 
(mm mm
-1
) 
SAT 
(mm mm
-1
) 
KS 
(mm day
-1
) 
Maize/Soy 
LL 
Maize/Soy 
PAWC 
Maize/Soy 
KL 
Maize/Soy 
XF 
0-5 1.276 0.099 0.163 0.321 0.596 296.00 0.163 7.9 0.08 1.0 
5-15 1.434 0.109 0.173 0.329 0.564 296.00 0.173 15.6 0.08 1.0 
15-30 1.271 0.098 0.179 0.349 0.630 235.00 0.179 25.5 0.08 1.0 
30-50 1.244 0.167 0.167 0.328 0.611 171.00 0.167 32.2 0.08 1.0 
50-75 1.346 0.157 0.157 0.316 0.601 143.00 0.157 39.8 0.05 1.0 
75-100 1.346 0.157 0.157 0.316 0.601 129.00 0.157 39.8 0.05 1.0 
100-140 1.346 0.157 0.157 0.316 0.601 129.00 0.157 63.6 0.03 1.0 
140-180 1.346 0.157 0.157 0.316 0.601 129.00 0.157 63.6 0.01 1.0 
180-220 1.346 0.157 0.157 0.316 0.601 129.00 0.157 0.0 0.01 0.0 18
5
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Table S3. Biochar parameters used for both the continuous corn and corn-soybean rotation 
systems. During model initialization and calibration ‘date of biochar application’ was variable 
depending on experimental data (05/14/2012, 05/08/2013, 05/10/2014). During model 
application ‘date of biochar application’ was fixed at 05/08/1985, while ‘amount of biochar 
applied (kg/ha)’ changed depending on the scenario (0, 22417, 44833, 89666).  
 
Description 
Value 
(High C biochar) 
Value 
(Low C biochar) 
Date of biochar application (mm/dd/yyyy) 05/08/1985,  
05/14/2012 - 5/10/2014 
05/08/1985 
amount of biochar applied (kg/ha) 22417 - 89666 22417 - 89666 
fraction carbon in biochar (0-1) 0.76 0.46 
fraction of biochar lost during application (0-1) 0.02 0.02 
mean residence time for labile biochar pool (years) 1 1 
mean residence time  for resistant biochar pool (years) 500 500 
biochar labile fraction (0-1) 0.13 0.11 
fraction of decomposed biochar that goes to OC pools (0-1) 
(biochar efficiency) 
0.4 0.4 
fraction of decomposed biochar that goes to biom (0-1) 0.05 0.05 
biochar CN ratio 232 76 
sand (0-1) 0.46 0.46 
clay (0-1)  0.24 0.24 
priming coefficient for biom pool (-1 to 1) use 0.05 0 0 
priming coefficient for hum pool (-1 to 1) use 0.05 0 0 
priming coefficient for cell pool (-1 to 1) use 0.08 0 0 
priming coefficient for carb pool (-1 to 1) use 0.08 0 0 
priming coefficient for lign pool (-1 to 1) use 0.08 0 0 
negative priming coefficient for internal C partitioning (use 0.1 for 
20 Mg), biom 
0 0 
negative priming coefficient for internal C partioning (use -0.1), 
biom 
0 0 
negative priming for internal C partitioning (use 0.1 for 20 mg),fom 0 0 
negative priming for internal C partitioning (use -0.1 for 20 mg), 
fom 
0 0 
C/N ratio of biom pool: 8 8 
C/N ratio of soil stuff: 12 12 
Biochar incorporation depth (mm):  200 200 
Slope of dul quality equation (default 0.33) 0.15 0.15 
Slope of bd quality equation (default 0.33) 0.15 0.15 
Biochar LV (cmol/kg?) 50 50 
Biochar ECEC (cmol/kg) 187 187 
Biochar cnrf coefficient (0-1) 0.693 0.693 
Optimum cn ratio for bc 25 25 
Biochar WFPS factor (0-1) 1 1 
Biochar nh4 absorption coefficient (Langmuir) 0.006 0.006 
Biochar nh4 desorption coefficient (Langmuir) 0.006 0.006 
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Table S4. Changes made to the B_110 maize cultivar during model calibration. Units of growing degree days (GDD).  
Description Original value Updated value 
Emergence to end of juvenile (GDD) 214 250 
Flowering to maturity (GDD) 885 820 
Flowering to start of grain fill (GDD) 150 170 
Maturity to ripening (GDD) 1 180 
 
Table S5. Results of the cost-benefit analysis when biochar application rate changes and no residue is removed. Values are relative to 
the baseline scenarios of 225 kg N ha
-1
 and 150 kg N ha
-1
 for the CC and the CS rotation systems, respectively, with no residue 
removal, and no biochar.  
 
 
 
 
1
8
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Table S6. Results of the cost-benefit analysis when biochar application rate changes and 50% of the residue is removed. Values are 
relative to the baseline scenario of 150 kg N ha
-1
, no residue removal, and no biochar.   
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8
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Table S7. Results of the cost-benefit analysis when biochar application rate changes and 90% of the residue is removed. Values are 
relative to the baseline scenario of 150 kg N ha
-1
, no residue removal, and no biochar. 
 
 
 
1
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Fig. S1. Corn yields as impacted by two different field ages of biochar under CS rotation system 
(biochar applied in 2012 or 2013). Measured values (black diamonds) are the average of all plots 
with biochar (left side) and no-biochar control plots (right side) with standard deviation bars 
across all 11 years. Predicted yields are represented by the blue triangles. 
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Fig. S2. Percent SOC across 11 years as impacted by two different field ages of biochar (biochar 
applied in 2012 or 2013) for the CS rotation system. Measured values (black diamonds) are the 
average of all plots with biochar (left side) and no-biochar control plots (right side) with bars 
showing standard deviations. Predicted yields are represented by the blue triangles. 
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CHAPTER 7. GENERAL CONCLUSIONS 
 Finding solutions to food-water-energy nexus challenges requires a systems approach and 
integration across scales to address issues of food production, environmental degradation, and 
energy consumption. Biochar has the potential to simultaneously address many of these issues by 
improving soil fertility, sequestering atmospheric C, and enhancing crop productivity. However, 
the majority of the positive benefits associated with biochar applications have been observed in 
studies using freshly produced biochars. These studies did not consider the changes that occur to 
biochar properties upon aging (weathering) in soil environments. Thus, the positive impacts of 
biochar observed in the short term may not be representative of its longer-term impacts on 
agronomic functions and environmental sustainability. Here a series of laboratory, greenhouse, 
field, and modeling studies were conducted to advance understanding of biochar and biochar 
aging impacts on soil physical and chemical properties, soil water relations, and crop 
productivity.  
 Prior to the studies included in this dissertation a rapid laboratory aging procedure for 
biochars was developed to improve understanding of how biochar properties change over time 
(biochar aging) (Bakshi et al., 2016). In that study the physical and chemical properties of 22 
different biochars (11 fresh, 6 lab-aged, and 5 field-aged biochars) were characterized and 
compared. During characterization problems were found when the ASTM proximate analysis 
method (ASTM, 2007), originally developed for assessing quality of hardwood charcoal for use 
as fuel but has been widely used for biochars, was used to determine moisture, volatile matter 
(VM), fixed carbon (FC), and ash content of the 22 biochars. Specifically, during moisture 
content determination we found weight gain in biochars when heated at 105°C and during VM 
determination the heating of samples was inconsistent, only a limited number of samples could 
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be analyzed at a single time, and there were safety concerns associated with moving samples 
around in a hot furnace. Therefore, we developed a modified proximate analysis method that 
addresses these problems, accounts for biochar property diversity, and is reliable for assessing 
biochar quality and stability in soils (Chapter 2).  
 In chapter 2, we showed that significant differences exist between the ASTM proximate 
analysis method and our Modified method. Results showed that a N2 purge is necessary during 
both moisture and VM determination to avoid errors associated with sample oxidation, which are 
inherent to the ASTM method. Also, results revealed that when a range of boundary 
temperatures (350–950◦C) were assessed, 800◦C was determined to be the minimum temperature 
required to distinguish between VM and FC in biochars. Results overall showed that our 
Modified method was more appropriate for use in the proximate analysis of biochars to evaluate 
biochar quality and that VM/FC ratios are reliable for assessing the long-term stability of biochar 
C in soils. Lastly, the study showed that the Modified method can analyze a large number of 
samples simultaneously while reducing sample handling and potential hazards. Use of the 
Modified method by researchers across the biochar community will help minimize differences in 
study results, facilitate greater comparison of biochar properties between researchers, and 
provide reliable information about the long-term stability of different biochars in soil 
environments. 
 Utilizing an established long-term bioenergy cropping system experiment we investigated 
the effects of biochar, biochar age, and crop rotations, as well as their interactions, on a series of 
soil physical and chemical properties (Chapter 3). Following the collection of 208 intact soil 
cores and conducting a solute transport study, results showed that crop rotations that include 
switchgrass or triticale increase both retardation and dispersivity relative to continuous corn or 
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corn-soybean rotations. Further, biochar amendments decrease dispersivity relative to no-biochar 
controls. Across the five cropping systems examined, there was an increase in total soil C and N, 
soil C/N ratio, pH and gravity drained water content, and a decrease in bulk density (BD) 
for soils treated with biochar relative to no-biochar controls. Continuous switchgrass stands were 
found to build soil C and N, increase retention of plant available P and K, and lower BD relative 
to the continuous corn system. Biochar age was found to have no effect on soil quality 
parameters measured in 2014 but significant increases with biochar age were found for total soil 
C and N in 2016. The difference in soil C and N levels between the 2014 and 2016 sampling 
suggested that biochar age is an important factor to consider in biochar studies that assess soil 
quality. Lastly, the significant interaction effects found between biochar and crop rotations 
emphasized the complexity of investigating soil quality responses to biochar amendments under 
different management strategies. Overall, the results indicate that biochar amendments and 
alternative crop rotations that include switchgrass help mitigate some of the adverse effects of 
biomass harvesting on soil quality and thus could contribute to enhancing the sustainability of 
bioenergy cropping systems in the Midwest. 
 Twenty-two biochars were used in the development of a modified proximate analysis 
method for biochars (Chapter 2). Of these 22 biochars, 12 (six fresh and six lab-aged) were used 
in a greenhouse study. This greenhouse study evaluated the influence of biochar age, biochar 
type, and their interaction on plant available water (PAW) and water use efficiency (WUE) in 
maize for three texturally diverse soils (Chapter 4). Results showed that aged biochars do not 
have the same impact on soil water relations as the equivalent fresh biochars. Specifically, both 
fresh and aged biochars increased soil moisture retention in a clay loam soil, had no impact in a 
silt loam soil, and had variable effects in a sandy loam soil. Fresh biochar increased final maize 
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biomass weight in the sandy loam and silt loam soils and decreased final biomass weight in the 
clay loam soil, while aged biochar increased biomass weight in the silt loam soil. Both fresh and 
aged biochars decreased PAW in the clay loam soil and had no impact on PAW in the silt loam 
soil. Fresh biochar increased PAW, while aged biochar had no effect on PAW for the sandy loam 
soil. WUE decreased in response to both fresh and aged biochars in the clay loam soil and was 
variable for the other two soils. Overall, the influence of fresh and aged biochars on soil BD, soil 
water retention, PAW, WUE, and maize height and weight were highly variable and differed by 
biochar type; resulting in positive, negative, or neutral effects depending on soil type and the 
response variable. Furthermore, when the water drop penetration test (WDPT) was conducted to 
assess biochar water repellency, all aged biochars were more hydrophilic than their fresh 
counterparts and the relative degree of biochar hydrophobicity was further decreased after a 
drying-wetting-drying treatment. This study showed that biochar remains a promising tool to 
improve water management in rainfed agriculture, but biochar applications must be made 
strategically and take into account biochar type, soil type, and biochar age. Future work is 
needed to determine whether the results obtained from this greenhouse study are applicable in 
the field and over longer time scales. 
 The final two studies utilized a recently developed biochar model (Archontoulis et al., 
2016) within the APSIM cropping systems model (Holzworth et al., 2014). The first of these 
studies (Chapter 5), showed that the pedotransfer functions (PTFs) of Saxton and Rawls (2006) 
and the soil parameters from the Web Soil Survey database provide the best estimates of soil 
water and physical parameters for topsoils with and without biochar compared to the PTFs 
developed by Gijsman et al. (2003) and Palmer et al. (2017). Further examination of the Saxton 
and Rawls (2006) PTFs against measured data for describing the relationship between PAW and 
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SOM, revealed no differences in the rate of change (slope) between biochar C and C in biogenic 
OM in these topsoils, but a difference in the magnitude of the response (intercept). For subsoils 
differences in both the rate and magnitude of change were found, indicating that the Saxton and 
Rawls (2006) PTFs underestimate PAW for a given SOM content and do not accurately describe 
the relationship between PAW and SOM in the subsoils analyzed. Furthermore, during APSIM 
biochar model calibration we found that model performance is improved when the modified 
Saxton and Rawls (2006) PTFs, which include quality modifiers to describe biochar impacts on 
soil water parameters, are used. But the quality modifiers were shown to be site-specific, with 
local calibration required to most accurately predict the impacts of biochar on soil water 
parameters. Results also indicated that tradeoffs exist for some parameter estimates (i.e. BD and 
SAT) when trying to optimize model performance because the estimate of one is dependent on 
the other. Lastly, model simulations revealed that in general as biochar application rates increase 
the lower limit (LL) increases but currently the model does not respond to changes in LL due to 
biochar. Therefore, future work is needed to determine whether model performance is improved 
when the quality modifier for LL (QLL) and hence model predictions of LL can change in 
response to biochar additions.  
 The second study utilizing the APSIM modeling platform as well as soil, crop yield, and 
management data from the long-term bioenergy cropping system study (Chapter 3), revealed that 
over a 32-year period biochar applications can eliminate negative effects associated with residue 
harvesting, as evaluated by reduced nitrate leaching rates and increased SOC levels, while not 
impacting corn yields (Chapter 6). Model simulations showed that nitrogen application rate is the 
strongest determinant of corn yields; with biochar applications and residue removal having a 
minimal effect. However, a direct relationship was found between increasing biochar application 
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rates and decreasing nitrate leaching rates. Additionally, biochar applications increased SOC 
levels even under increasing residue removal rates. This finding was especially important 
because as more crop residues are harvested to support the growing US bioenergy industry, this 
residue can be removed sustainably if biochar is applied. The final component of this study was 
to employ a cost-benefit analysis to identify the economically optimal biochar application rate 
from both the private and public perspective. This analysis revealed that public benefits, as 
evaluated by a reduction in nitrate leaching rates and increased SOC levels, outweighed the 
private revenue gained from increased corn crop yields. Further, the lower the biochar 
application rate (i.e. 22 Mg ha
-1
) the more cost-effective (per ton) applying biochar was 
determined to be. Overall, the application of biochar in central Iowa was found to be an 
economically viable option when at least 50% of the crop residue is harvested for sale, which can 
be done without negatively impacting soil and environmental quality over the long-term when 
biochar is subsequently applied. Further research, however, is needed in the APSIM biochar 
model to address factors other than N immobilization (e.g. allelopathy) which may negatively 
affect corn yields at high residue levels. Consideration of these factors in APSIM will likely 
influence the economics of biochar applications, potentially increasing the net private benefits 
from applying biochar.   
 In conclusion, the five studies included in this dissertation sought to advance 
understanding of the impacts of biochar and biochar aging on soil physical and chemical 
properties, soil water dynamics, and corn yield response in sustainable bioenergy cropping 
systems, through a series of systematically integrated studies across the laboratory, greenhouse, 
field, and modeling scales. Overall findings indicated that, biochar properties change over time, 
the appropriate methods must be used when working with biochars, and simple methods can be 
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used to determine biochar quality and stability. Biochar type, biochar age, and soil type impact 
soil water relations and crop yields differently and therefore applications must be made 
strategically. More diverse crop rotations and biochar amendments enhance the long-term 
sustainability of Midwestern soils. Further, biochar C does not have the same effect on soil water 
parameters as biogenic OM, and the APSIM biochar model accurately predicts biochars impact 
on soil water and physical parameters when quality modifiers are used and local calibrations are 
made. Lastly, biochar applications are economically viable when coupled with other 
management practices in the Midwest, and can contribute to the long-term sustainability of agro-
ecosystems.  
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